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ABSTRACT 
Malodors emission from swine waste storage systems represents a serious concern to 
air pollution and human health. Anaerobic microbial process of swine waste results in the 
major production of malodorous compounds including hydrogen sulfide, ammonia, and 
volatile organic compounds (VOC). Over 200 volatile compounds have been identified and 
its complexity has made characterization of odor difficult. A general chemical based method 
was developed for measuring the airborne emissions from animal wastes and an odor scale 
developed by correlating the human response and chemical composition of the volatile 
analytes from swine waste. 
The odor monitoring methodology was used to study the temporal pigmentation 
changes in anaerobic swine waste lagoons during 4 year period. One commonly observed 
event in anaerobic swine waste lagoons is the development of purple color associated with 
the apparent reduction of odor intensity in late summer. The major purple phototrophic 
bacteria responsible for this color change and corresponding reduction in odor were isolated. 
Morphological, physiological, and phylogenetic characterization identified a predominant 
phototrophic bacterium as a new strain of Rhodobacter, designated Rhodobater sp. PS9. 
Rhodobater sp. PS9 is capable of photoheterotrophic growth on various organic compounds 
including all of the characteristic VOCs responsible for the odor associated with swine 
production facilities. Seasonal variations of airborne VOCs emitted from waste lagoons also 
showed a 80 - 93% decrease in the concentration of VOC during the photosynthetic bloom. 
During the height of the bloom the Rhodobacter sp. PS9 population accounted for 9.6 % of 
xix 
the total community and up to 27.0 % of the eubacterial community structure. Additional 
observations based on seasonal variations of meteorological, biological and chemical 
parameters suggested the photosynthetic bloom of Rhodobacter sp. PS9 correlated with the 
water temperature and the organic loading rate of waste lagoon. 
1 
CHAPTER 1. INTRODUCTION 
The number of swine production farms has decreased by about 80 percent in past 
two decades in United States, but these farms are able to produce about the same number of 
swine (Harkin, 1997). Hence, the size of swine operation unit has become bigger and as a 
result large number of swine is concentrated on certain region of the country and on bigger 
swine production facilities (Earth and Melvin, 1984; Walsh, 1994; Warner et al., 1990). In 
1997, intensive livestock and poultry operations in United States produced 1.37 billion tons 
and swine facilities produced 117 tons of solid manure (Harkin, 1997). The higher density 
of animals and associated wastes also makes water pollution via by spills and runoff from 
the applied sites or leakages from temporal swine waste management systems more visible 
if not more frequent. In addition, unpleasant and offensive odors associated with 
commercial swine operations have become a public issue as a potential impact on public's 
general well-being (Earth and Melvin, 1984; Casey and Hobbs, 1994; Schiffman et al, 
1995; Warner et al, 1990). 
Processing of livestock wastes usually involves the collection and storage in deep 
(20 - 24 ft.) above ground or pit holding sites. During storage, the system becomes 
anaerobic and offensive odor becomes a problem. Over 200 different volatile/semi volatile 
compounds have been identified in the air samples from livestock waste storage/treatment 
systems (Miner, 1982; Ritter, 1989; Spoelstra, 1980; Spoelstra, 1977; Williams, 1984; 
Williams and Evans, 1981). Although several of these compounds are individually 
regulated by federal laws (Ritter, 1989; Spoelstra, 1980; Spoelstra, 1977; Williams, 1984; 
Williams and Evans, 1981) taken as a group, the volatile/semivolatile compounds associated 
with livestock wastes are not regulated by the Clean Air Act. Air quality from livestock 
production facilities is controlled in many areas by state and local regulations such as the 
Iowa minimum distance standards for buildings and manure storage systems from 
residences or public lands (Banwart and Bremner, 1975; Ritter, 1989). However, odors 
from livestock production facilities are generally regulated by the doctrine of nuisance 
(Banwart and Bremner, 1975). Nuisance is a common law theory which has no measurable 
2 
standard (e.g. concentration of a particular odorous compound). The courts often determine 
a nuisance by weighing the benefit of the activity to the general public against the injury to 
the plaintiff (Banwart and Bremner, 1975). The lawsuits in this area have been a significant 
determinant to size and development of livestock production industries. 
Several treatment systems have been successful in the control of odors in the 
processing of livestock wastes. For example, aeration or addition of chemical oxidants 
during storage lowers the concentration of odorous compounds (Ritter, 1981; Ritter, 1989). 
Another successful treatment method is the use of anaerobic digesters designed for energy 
production (Lusk, 1995; Miller, 1993; Moser, 1998; Moser et al., ; Moser and Roos, 1997; 
Roos and Moser, 1997). Although theses treatment systems function in the reduction of 
odors generated during storage and treatment of livestock wastes, they have not received 
widespread acceptance because of the initial expense, management time, and equipment 
maintenance. Other treatments have included addition of chemicals, enzymes, and 
microorganisms to storage systems. These methods are expensive and have shown 
inconsistent results (Ritter, 1989). Thus, due to expense, management time commitment 
and/or lack of technical skills of the operator, the known technologies for odor control have 
not found widespread use. 
The objective of these studies is to examine alternative treatment systems for 
livestock wastes with the focus being odor control. This dissertation presents fundamental 
information concerning the microbial activities in the degradation of livestock wastes and 
odor production, and provides the basic information required to manipulate and optimize 
degradation rates and minimize odor production. 
Biological Treatment Systems 
Livestock wastes are concentrated organic materials with a resulting high oxygen 
demand (Lindley, 1982). In non-aerated systems these environments rapidly become 
anaerobic. In general, the main source of odors associated with this material are the direct 
result of anaerobic decomposition (Banwart and Bremner, 1975; Hill and Holmberg, 1988; 
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Lindley, 1982; Miner, 1982; Shaefer, 1977; Sievers and Isnnotti, 1982; Spoelstra, 1980; 
Spoelstra, 1977; Williams, 1984; Williams and Evans, 1981). Over 200 organic and 
inorganic compounds have been identified which constitute the odors associated with the 
anaerobic processing of livestock wastes (Banwart and Bremner, 1975; Dague, 1972; 
Miner, 1982). These compounds are generally end products or incomplete oxidations by the 
microflora which are volatile or carried on dust particles (Hill and Holmberg, 1988; Miner, 
1982; Shaefer, 1977; Sievers and Isnnotti, 1982; Spoelstra, 1980; Spoelstra, 1977; Williams, 
1984; Williams and Evans, 1981). Several approaches have been developed to reduce the 
concentration of odors, which can be divided into physical, chemical, and biological 
treatment systems (Ritter, 1989). Physical systems focus on odor confinement, whereas 
chemical and biological systems focus on prevention or destruction of odorous compounds 
(Miner, 1982; Ritter, 1989). Of the three, biological methods have proved to be the most 
versatile and economical approach to odor control. Biological treatment systems can be 
divided into aerobic and anaerobic processes. 
Aerobic treatment 
The degradation of livestock wastes by aerobic treatment systems are generally more 
complete than anaerobic systems (APHA, 1971). Ideally, the complex organics oxidized to 
carbon dioxide and biomass. In addition, much of the phosphorous and ammonia are also 
incorporated into biomass. Thus, these systems have a low associated odor compared to 
anaerobic treatment systems (Beaudet et al., 1990; Bourque et al., 1987; Hofman et al., 
1975). 
Several approaches have been tested to introduce oxygen into livestock waste 
including wetlands, aerobic lagoons, air pumps, and electrolytic or chemical oxidants 
(Kravets et al., 1981; Lindley, 1982; Ritter, 1989). Aerobic lagoons are shallow (3-5 fit.) 
and allow for natural aeration via diffusion or oxygenic photosynthesis. Aerobic lagoons 
are effective in odor control, but require up to 25 times more surface area than anaerobic 
lagoons. Other aeration system use deeper lagoons (up to 24 ft.) and require pumps to 
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introduce air or ozone. Although effective in odor control, these aerobic treatment systems 
require high energy expenditures resulting in high costs in energy or chemicals to oxygenate 
this material. High maintenance requirements have also impeded widespread use of these 
technologies. 
Because of the problems associated with aerobic treatment systems, anaerobic 
livestock waste treatment systems remain the common method of waste management. 
Anaerobic treatment 
Because of cost and space limitations, anaerobic lagoons are often used for animal 
waste management systems. They serve as storage facilities and allow for the anaerobic 
degradation of complex organics. In the absence of oxygen and most other terminal 
electron acceptors, much of the microbial population utilize a fermentative type of 
metabolism. The incomplete oxidations of the complex organic compounds in livestock 
waste by this type of metabolism result in offensive by-products such as volatile organic 
compounds (VOC), hydrogen sulfide and ammonia (Lindley, 1982; Ritter, 1989). The 
concentration of odorous compounds from anaerobic lagoons can be minimized in many 
cases with good management practices. However, regardless of the management practices, 
the concentration of airborne odor pollutants from lagoon is dependent on the microbiota 
that develops in this system. Without information on how the microbiota develops in these 
systems, controlling odors by good management practices will remain a hit or miss process. 
The importance of a stable microbiota in reduction of odors from an anaerobic lagoon is 
demonstrated by comparisons of odors between a new lagoon versus that same lagoon 2 to 6 
years later (M. Safley, personal communications). 
A second anaerobic treatment system which has received interest are anaerobic 
digester systems designed for methane production. In addition to energy production, these 
systems stabilize and liquefy wastes as well as control odor (Miller, 1993; Moser, 1998; 
Ritter, 1989; Roos and Moser, 1997). However, without legal pressures, most producers are 
unwilling to invest the initial cost and management time required to run this system. 
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Microbiology and Biochemistry of Odor Production 
Odor producing microorganisms 
Odor production and consumption in livestock wastes results from the interaction of 
several microbial consortia (Fig. 1.1), which for discussion purposes can be divided into 
target groups. One such consortium is found between fermentative microorganisms, 
methanogens and sulfate-reducing bacteria (SRB). Fermentative microorganisms degrade 
complex macro-nutrient in livestock wastes into low molecular weight organic compounds 
and molecular hydrogen. The low molecular weight organics and hydrogen produced by 
fermentative microorganisms are utilized as an energy source by sulfate-reducing bacteria 
or methanogenic bacteria depending on the environmental conditions and the presence or 
absence of sulfate (Hansen, 1988; Keltjens and Drift, 1986; Lupton and Zeikus, 1984; Peck, 
1983; Pfennig, 1989; Rouvviere and Wolfe, 1988; Steenkamp and Peck, 1981; Thauer, 
1990; Thauer, 1989; Widdel, 1986). If sulfate is present, the fermentative products are 
utilized in the reduction of sulfate to hydrogen sulfide (Gottschalk, 1986; Lupton and 
Zeikus, 1984; Mountfort and Asher, 1981; Peck, 1983; Widdel, 1986). The activities of the 
microflora also affect the cycling of a number of elements such as iron. In this example, 
hydrogen sulfide generated by the sulfate-reducing bacteria will react with iron and 
precipitate as FeS resulting in an iron deficit in the lagoon system. Iron limitations will 
force most bacteria into a fermentative metabolism, since many of the electron transport 
components and terminal electron accepters are iron-containing enzymes (Cotter et al., 
1992). The oxidation of fermentative end products by sulfate-reducing bacteria or 
methanogens also accelerates fermentation rates by removal of these end products from the 
environment. Thus, many of the reactions occurring during the anaerobic processing of 
livestock wastes are dependent on the establishment of complex microbial consortiums. 
Altering the metabolism of certain target groups has the potential to affect a number of 
unrelated microorganisms. For example, control of fermentative reactions would not only 
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reduce production of volatile organic compounds (VOC) but also reduce levels of hydrogen 
sulfide production and stop this cycle. Unfortunately, breaking this metabolic cycle results 
in odor problems associated with stagnant wastes as evident by overloaded pit storage 
systems (Zahn et al., 2001). 
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Figure 1.1 Microbial decomposition of livestock wastes under anaerobic conditions. 
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Fermentation reactions 
Many bacteria found in livestock wastes have evolved several metabolic systems for 
energy generation and genetic regulatory programs select the most efficient system in a 
particular environment (Cotter et al., 1992; Iuchi and Lin, 1991; Neidhardt et al., 1990). 
Among the different modes of energy metabolism, fermentation is the least efficient, during 
which energy is derived by substrate-level phosphorylation (Gottschalk, 1986; Morris, 
1986). Unfortunately, current anaerobic livestock waste lagoon systems are generally ideal 
environments for fermentation reactions. In fermentation reactions, the redox reactions are 
internally balanced by sacrificing some metabolites as excretion products or end products 
(Gottschalk, 1986; Morris, 1986). The fermentation end products of particular concern are 
low molecular weight volatile organic compounds and hydrogen gas, which supports the 
activity of other odor-producing bacteria such as sulfate-reducing bacteria (Hansen, 1988; 
Thauer, 1989; Widdel, 1986). With respect to odor, this problem is made worse by the fact 
that under fermentation conditions compounds such as phenols, indoles, and cresols are not 
degraded at significant rates (Beaudet et al., 1986; Beaudet et al., 1990; Boyd et al., 1983; 
Healy and Young, 1978; Sleat and Robinson, 1984). As a result of poor growth 
characteristics during fermentation, cells turn over large concentrations of growth 
substrates, nitrogen and phosphorus requirements are low, resulting in the accumulation of 
ammonia and phosphates (Morris, 1986). 
Fortunately, when an exogenous electron acceptor (i.e. terminal electron acceptor) 
becomes available for the disposal of reducing equivalents (electrons and protons), cells 
with the genetic capability will switch to a respiratory metabolism and curtail fermentation 
reactions (Iuchi and Lin, 1991). One characteristic of respiratory metabolism, either aerobic 
or anaerobic, is a 10 to 20 fold higher energy yield from energy substrates (Gottschalk, 
1986; Morris, 1986). This higher energy yield results in a proportional increase in nitrogen 
(nitrate, nitrite, or ammonia) and phosphorous uptake and a more complete oxidation of 
organic substrates into CO2 and cell material (Gottschalk, 1986). If more than one 
exogenous electron acceptor is available, and the organism has the genetic capability, the 
cell generally uses the compound with the most positive midpoint potential. Of the terminal 
electron acceptors tested the order of preference for the most bacteria is: oxygen > nitrate > 
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nitrite > nitric oxide (nitrous oxide) > Fe3+ > Mn4+ > fumarate > dimethyl sulfoxide 
(DMSO) > trimethylamine N-oxide (TMAO) (Cotter et al., 1992; Iuchi and Lin, 1991; 
Nealson and Myers, 1992). As researchers investigate anaerobic respiration, the number of 
potential terminal electron acceptors increase. Some bacteria can use sulfate or carbon 
dioxide as terminal electron acceptors. The reduction of sulfate and carbon dioxide is more 
complex and are catalyzed by specialized groups of microorganisms, the sulfate-reducing 
bacteria and methanogens, respectively (Hansen, 1988; Keltjens and Drift, 1986; Lupton 
and Zeikus, 1984; Peck, 1983; Pfennig, 1989; Rouvviere and Wolfe, 1988; Steenkamp and 
Peck, 1981; Thauer, 1990; Thauer, 1989; Widdel, 1986). Although very little is known 
about the regulation of fermentative pathways, a general picture of how different respiratory 
pathways are hierarchically expressed is beginning of emerge (Cotter et al., 1992; Iuchi and 
Lin, 1991). 
Sulfate reducing bacteria 
Dissimilatory sulfate reducing bacteria (SRB) use sulfate as a terminal electron 
acceptor and produce hydrogen sulfide (Hansen, 1988; Thauer, 1989). Sulfate reducing 
bacteria are obligate anaerobes which utilize low molecular weight organic acids or 
molecular hydrogen as growth substrates (Hansen, 1988; Thauer, 1989; Widdel, 1986). In 
general, these microorganisms are not capable of utilizing complex polysaccharides, 
proteins, or lipids found in livestock wastes. Thus, in livestock wastes, sulfate reducing 
bacteria usually depend on the activities of fermentative bacteria for their energy substrates 
(Gottschalk, 1986; Widdel, 1986). Compounds that can be utilized as energy substrates by 
sulfate reducing bacteria include a number of mono- and di-carboxylic acids, alcohols, 
amino acids, hydrogen, carbon monoxide, cresols, indoles, and phenols (Gottschalk, 1986). 
An important substrate is hydrogen, and the high affinity of sulfate reducing bacteria for 
hydrogen is considered to be the major reason why sulfate reducing bacteria dominate 
hydrogenotrophic methanogens in sulfate-sufficient environments (Lupton and Zeikus, 
1984). 
In the absence of sulfate, most sulfate reducing bacteria can use one or more other 
terminal electron acceptors such as nitrite and nitrate (Steenkamp and Peck, 1981). In the 
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absence of suitable electron acceptor, sulfate reducing bacteria are able to ferment a number 
of organic compounds as well as the inorganic compounds such as sulfite and thiosulfate for 
energy (Gottschalk, 1986). 
Odor consuming bacteria 
Anoxygenic phototrophic bacteria 
Phototrophic bacteria carry out anoxygenic photosynthesis (Brune, 1989; Tinall and 
Grant, 1986). In contrast to the oxygenic photosynthesis of algae and plants which utilize 
H2O as a reductant, anoxygenic photosynthesis is dependent on exogenous substrate such as 
low molecular weight organic compounds, hydrogen sulfide, elemental sulfur or hydrogen 
to provide the reducing equivalents for CO2 assimilation (Brune, 1989). 
In uncovered natural or livestock waste lagoons, purple and green phototrophic 
bacteria are found in high concentrations, especially in warm weather (Caumett, 1986; 
Thauer, 1989). Several investigators have reported temporal changes in the pigmentation of 
the lagoons from pink to rose to brown (Thauer, 1989). Field reports show a direct 
relationship of decreased odor with change in lagoon to a purple or green color, although 
this phenomenon has yet to be investigated. 
Non-photosynthetic sulfide oxidizing bacteria 
Non-photosynthetic sulfur bacteria are able to obtain all the energy for growth from 
oxidation of inorganic sulfur compounds or elemental sulfur, and can fix carbon dioxide via 
the Calvin cycle. The sulfur-oxidizing bacteria share some metabolic features with the 
photosynthetic sulfur-oxidizing bacteria. However, the non-photosynthetic sulfur-oxidizing 
bacteria will oxidize sulfide in the absence of light and utilize sulfur compounds such as 
sulfide at much higher rates than phototrophic sulfide oxidizing bacteria (Kelly, 1989). 
Sulfur-oxidizing bacteria are ubiquitous and representative species can grow at pH values 
from 1.0 to 10.0 and at temperatures of 4° to 110°C (Kelly, 1989). Unfortunately, the role 
of non-photosynthetic sulfur oxidizing bacteria in livestock wastes has not been examined. 
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Deodorant microorganisms 
Microorganisms which utilize malodorous components such as volatile fatty acids, 
H2S, indoles, phenols, cresols, and mercaptans have been termed deodorant microorganisms 
(Ohta and Ikeda, 1978). In addition to the hydrogen sulfide oxidizing bacteria mentioned 
above, a number of aerobic and anaerobic microorganisms have been isolated from 
livestock wastes that are capable of growth on these compounds (Beaudet et al., 1986; 
Beaudet et al., 1990; Bourque et al., 1987; Boyd et al., 1983; Ohta and Ikeda, 1978; Ohta 
and Sato, 1985; Sleat and Robinson, 1984). Although several isolates have been obtained, 
little work has been carried out on increasing the population of deodorant microorganisms 
under anaerobic conditions (Boyd et al., 1983; Sleat and Robinson, 1984). 
Although a number of livestock waste treatment systems are available which 
minimize the production of malodorous compounds, few are in use. The reason(s) these 
systems are not in use or incorrectly used is not the object of this study. The objective of 
this research is to examine alternative and more economically feasible treatment methods. 
Several possible approaches involve the manipulation of the microbial populations in 
livestock waste storage and treatment systems. To approach this process we must first 
develop a system to monitor the microbial populations and chemical composition in 
livestock waste management systems. Once a monitoring system is in place, each treatment 
step can be monitored and compared for effectiveness in reduction of odor and water 
pollutants. 
Evaluation of Odor 
Airborne odor pollutants can be measured for strength or intensity and quality. 
However, its complexity gives difficulty in characterizing the odor and measuring odor 
scale. Methods to monitor odors from livestock waste storage/treatment systems can be 
divided into three groups; (1) olfactometry, (2) chemical analysis, or (3) electronic nose 
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methodologies. Olfactometry is the present standard method used to measure odors (Al-
Kanani et al., 1992; Hobbs et al., 1995; Miner, 1982; Yasuhara, 1980). 
Olfactometry 
Dynamic olfactometry measures odor intensity levels by forced-choice ascending 
concentration series to determine the threshold concentration. Olfactometers work by 
dilution of air samples with clean filtered (charcoal filter) air (Dravnieks and Prokop, 1963; 
Hangartner et al., 1989; Riskowski et al, 1994). The odor threshold (initial detection 
concentration) is determined by a panel consisting of 3 to 10 individuals. Odor 
concentration is determined by the number of dilutions at which 50% of the panel detects 
odor. Air samples (usually 20 to 30 liters) are taken from the target site in polyethylene, 
tedlar or teflon bags (Al-Kanani et al., 1992; Hobbs et al., 1995; Miner, 1982). This 
method has the advantage of using the human nose as detector. The human nose is still the 
most sensitive detector to a number of chemicals that constitute the characteristic odors 
associated with livestock wastes. However, the method is costly, time consuming, and 
subject to errors and incur delays between sampling and measurement, which makes field 
studies difficult. Lastly, the lack of a standard scale of odor quality/intensity to 
olfactometer measurements strips olfactometer readings of their relation to the human nose 
(Hangartner et al., 1989). Odor intensity and offensiveness can also be evaluated, but these 
measurements are more subjective to panel's personal history (Hobbs et al., 1995). 
Chemical analysis 
Chemical analysis by gas chromatography techniques has the advantage of 
reproducibility, impartiality, and adaptability to field testing. The problem with this method 
is the variability in concentration of individual compounds from one site to another. Other 
problems include; (i) the human nose is more sensitive than gas chromatography detectors, 
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(ii) the synergistic or antagonistic effects of different compounds are not considered, and 
(iii) the initial equipment expense. Other chemical methods to monitor odors include 
spectrometric methods such as photoionization, and infrared, or fluorescence spectroscopy 
which have the same limitations of gas chromatography with the additional limitation of the 
only detecting a fraction of the compounds of interest (DiSpirito et al., 1995; Hobbs et al., 
1995). 
Electronic methods 
Electronic detectors/sensors have the impartiality of chemical techniques and ability 
to measure complex mixtures as a group, like human olfactory system (i.e. Alpha M.O.S. 
System, De Motte, Inc.) (Driscoll, 1982; Hobbs et al., 1995). Unfortunately, these methods 
are less sensitive than the human nose and require standardization by both olfactometry and 
by chemical analysis (Hobbs et al., 1995). 
Of the three methods, the chemical analysis system was selected for this study since 
this methodology lends itself to field work. The chemical composition will provide 
additional information on the microbial populations and activity. This study also describes 
combination of olfactometry and chemical analysis of odors from livestock waste from 
several sources (see Appendix B). The olfactometric method was used to aid in the 
development of a chemical based odor monitoring method and in the selection "indicator 
compounds" of odor. Indicator compounds have been determined for samples from pit 
storage systems and were expanded for lagoon and building systems. This study also 
focused on development of an odor index scale by correlating olfactometry and chemical 
analysis to quality and intensity ratings. 
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CHAPTER 2. MATERIALS AND METHODS 
Description of Anaerobic Swine Waste Storage Lagoon 
Samples from nine anaerobic swine waste lagoons (five in central Iowa and four 
from northern Missouri) known to turn purple in late spring or early summer were used as 
inocula for enrichment cultures. All of the lagoon studied were earthen lined lagoons 64 to 
120 m by 64 to 120 m and 4 to 8 m in depth. In addition, to examine the temporal events 
that occur before and after the bloom, one site in central Iowa was monitored weekly for 
one year and periodically over a four year time period. This site utilized a two stage 
anaerobic lagoon system to process wastes from 1,200 sows with piglets and 3,000 feeder 
animals. All confinement building had slotted floors and shallow under floor pits are 
flushed with lagoon surface water. The diluted waste in the pits is pumped into outside 
storage systems through a pipe. The first stage lagoon receives all diluted waste from 
building(s) and is connected to second stage lagoon through a pipe. The first stage earthen 
slurry storage anaerobic lagoon systems measuring 64 m by 64 m with 7 m depth (primary 
lagoon) and 61 m by 95 m with 4 m depth (secondary lagoon). 
Field Monitoring 
Meteorological conditions, wind speed, relative humidity, solar radiation, air 
temperature, as well as solution temperature and pH every 10-cm in depth were monitored 
continuously by an integrated weather station (Sauer and Hatfield, 1994) as previously 
described (Zahn et al., 1997). 
Lagoon liquid and air samples were obtained simultaneously from both first and 
second stage lagoons weekly from February 1997 until December 1997. 
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Collection of Liquid Samples 
Lagoon liquid samples were filtered with single layer of cheesecloth to remove large 
particulate material directly into 110 ml serum vials flushed with argon gas to maintain 
anaerobic condition and sealed with teflon lined silicon septum (Tuf-Bond, Pierce Chem. 
Co., Rockford, IL). The samples were either stored on ice if processed within 24 hours or 
frozen and stored at -20°C if analyzed later. Samples (250 ml) were also centrifuged at 
13,000 x g for 15 minutes at 4°C. Pellets were washed with RNase free 10 mM phosphate 
buffer, pH 7.0 twice, centrifuged at 13,000 x g for 15 minutes, and stored at -80°C for 
nucleic acids recovery. 
Collection of Environmental Odor Pollutants 
Emission of volatile organic compounds from the lagoon were collected in 110 ml 
glass Hypo vials (Supelco Inc., Bellefonte, PA) sealed with Teflon-lined silicon septa (Tuf-
Bond Teflon/Silicone Discs; Pierce, Rockford, IL) for headspace gas analysis. Volatile 
organic compound in headspace was taken and injected to gas chromatograph by using gas-
tight syringe. Additionally, solid phase microextraction (SPME) method (Supelco Inc., 
Bellefonte, PA) was used to collect selected volatile organic compounds (Zhang et al., 
1996). 
Air samples were collected on thermal desorption tubes with a multibed combination 
of Tenax TA (Alltech Associates Inc., Deerfield, IL) and Carbopack C (Supelco Inc., 
Bellefonte, PA) at ambient temperature as previously described (Bruner et al, 1978; Bruner 
et al, 1974; Ciccioli et al, 1976; DiSpirito et al, 1995; Mangani et al, 1987; Zahn et al., 
1997). Tenax TA was packed as the first absorbent resin in the flow path of incoming air. 
The absorbent packed tubes were thermally conditioned for lh at 300°C using a Dynatherm 
model 60 six-tube conditioner (Supelco Inc., Bellefonte, PA) for 4 mm ID x 6 mm OD (11.5 
cm long) tubes. Nitrogen flow was maintained at 30 mUmin"1 for individual tubes during 
thermal conditioning. Thermal desorption tube samples were collected on the downwind 
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edge or center of the outdoor waste treatment systems using Buck I.H. sampling pumps (A. 
P. Buck Inc., Orlando, FL) in vacuum mode. In order to achieve sufficient gas 
chromatography response, 50 to 70 L of air at a flow of 500 ml*min"' for 2 hours was 
passed through the thermal desorption tube as previously described (DiSpirito et al., 1995; 
Zahn et al., 1997). After sampling, tubes were removed from the pumps, sealed in glass 
storage tubes, transported to the laboratory on ice, and stored at -20°C until analysis. All 
thermal desorption tubes samples were processed and analyzed within 7 days before the 
decomposition of analytes (Odam et al., 1986). 
Chemical Characterization of Liquid in Swine Waste Lagoon 
Organic solid content was measured by gravimetric methods; concentration was 
determined by measuring weight of oven-dried (100°C) liquid sample. Analysis of 
transition anions was performed by using DX 500 Chromatography System (Dionex Corp., 
Sunnyvale, CA) equipped with Dionex CD20 Conductivity Detector using a IonPac AS9-
SC Analytical (4 x 250 mm) column (Dionex Corp., Sunnyvale, CA). The chemical 
identity and concentration of anions were determined by comparing retention times and 
peak areas of authentic standards (100 ng/ml of NaN02, NaN03, NaF, NaCl, Na2S04, 
KH2P04) purchased from Dionex. 
Protein concentration was determined by the Lowry method (Lowry et al., 1951). 
Analysis of Environmental Odor Pollutants in the Air 
Three methods (headspace-gas injection, solid phase microextraction, and thermal 
desorption) were used for collection and analysis of volatile organic compounds present in 
the air. All methods used a gas chromatography analysis for separation, identification, and 
quantification of volatile organic compounds in the air. 
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Solid phase microextraction (SPME) 
Solid phase microextraction (SPME) unit (Supelco Inc., Bellefonte, PA) consists of 
a length of fused silica fiber coated with a polymer material, and analytes in headspace were 
absorbed onto a polymer coated fused silica fiber through direct exposure of fiber to 
headspace gas for 2 hour at room temperature (Zhang et al., 1996). Two kinds of fiber, 100 
fxm polydimethylsiloxane and 85 Jim polyacrylate fibers, were employed to extract volatiles 
with molecular weight 50 - 300, and alcohol and polar volatile compounds with molecular 
weight 40 - 275, respectively. Volatile compounds trapped on the fiber were desorbed by 
placing fibers in the heated zone (250°C) of gas chromatograph injection port. 
Gas chromatography (GC) was performed on volatile compounds desorbed from 
solid phase microextraction fiber using a Trimetrics model 9001 gas chromatograph 
(Finnigan Corp, Austin, TX) equipped with flame ionization detector using either a HP-
Innowax capillary column (crosslinked polyethylene glycol, 30 m x 0.25 mm x 0.25 |xm 
film thickness; Hewlett Packard, Rolling Meadows, IL) or PTE-5 QTM capillary column 
(fused silica, 30 m x 0.25 mm x 0.25 jxm film thickness; Supelco, Bellefonte, PA). 
Thermal desorption 
Chemical analytes concentrated on the thermal desorption tubes were analyzed by 
using a Dynatherm thermal desorption unit model 890 (Supelco Inc., Bellefonte, PA) 
coupled to a Trimetrics model 9001 gas chromatograph (Finnigan Corp., Austin, TX) 
equipped with flame ionization detector. Tubes were desorbed at 300°C for 5 minutes at a 
carrier flow rate of 2.2 ml*min"\ Analytes were transferred from desorber oven to a HP-
Innowax capillary column (crosslinked polyethylene glycol, 30 m x 0.25 mm x 0.25 |xm 
film thickness; Hewlett Packard, Rolling Meadows, IL) through a nickel transfer line heated 
at 240°C. Analytes were adequately focused on the front of the column using an initial 
oven temperature of 50°C for 3 min. The oven temperature was increased to 210°C at a rate 
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of 8°C • min'1, and maintained for 3 minutes. The oven temperature was increased to a 
final temperature of 260°C at a rate of 10°C • min"1. Identity of each separated chemical 
was determined by the retention times of volatile acids standards mix (Matreya, Inc., 
Pleasant Gap, PA) and authentic chemicals purchased from Aldrich Chemical Co. 
(Milwaukee, WI), and confirmed by mass spectrometry (MS). Authentic standard 
chemicals were trapped on thermal desorption tubes using model 1000 dynamic thermal 
stripper (Supelco Inc., Bellefonte, PA) by heating known chemical solution to 92°C for 30 
min. Standard chemical solutions were purged by carrier gas (nitrogen) during the heating, 
and then volatile chemicals in carrier gas were passed through and trapped on thermal 
desorpton tubes inside of 70°C heating jacket. 
Gas chromatograph-mass spectrometry (GC-MS) was performed on analytes 
desorbed from absorbant resin using a Hewlett Packard Model 6890 gas chromatograph 
equipped with mass spectrometer using either a HP-Innowax capillary column (crosslinked 
polyethylene glycol, 30 m x 0.25 mm x 0.25 pm film thickness; Hewlett Packard, Rolling 
Meadows, IL) or PTE-5 QTM capillary column (fused silica, 30 m x 0.25 mm x 0.25 pm 
film thickness; Supelco Inc., Bellefonte, PA). 
Correlation of human olfactory response to VOC concentration using the following 
equation based on Stevens' Law (Stevens, 1970; Stevens, 1962; Stevens, 1961) and 
previous study (Zahn et al., 2001): 
Odor Intensity = {50.0 + [20.2»(a/22.7)] + [5.5*(6/34)] +[47.3*(c/10.7)] + [7.88»(J/21.0)] + 
[22.8»(e/24.5)] + [3.5*(/7146.0)] + [3.9»(g/14.2)] + [-116#(/z/22.7)] + 
[89.57»(z718.0)] + [27«(//45.7)] +[23.7*(£/14.2)] +[69»(//9.5)] 
+[152#(m/68)] +[78.1*(«/13)] +[-149.2»(o/10.2)] +[32.6»(p/10.7)] 
+[22.8#(^/18)] + [117*(r/4.2)]}+2.1% 
Were a = valeric acid (ng*m"3 in air), b = butyric acid, (|o.g*m"3 in air), c = heptanoic acid, 
(pg*m"3 in air), d = phenol, (|ig*m~3 in air), e = 4-methyl phenol, (gg»m~3 in air),/= acetic 
acid (ng*m"3 in air), g = isobutyric acid (|ig*m"3 in air), h = 4- ethyl phenol (pg*m"3 in air), i 
= 3-methyl indole, (pg*m 3 in air),y = propionic acid (|ig*m"3 in air), k = isobutyric acid, 
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(gg*m~3 in air), / = isovaleric acid (ng*m-3 in air), m = isocaproic acid (|ig*m"3 in air), n -
caproic acid (^gem"3 in air), o = indole (|ig*m~3 in air),p = heptanoic acid (|ag*m"3 in air). 
Isolation and Identification of Bacteriochlorophylls 
Bacteriochlorophyll a from anaerobic swine lagoon samples were isolated and 
identified as described by Oelze (Oelze, 1985) with minor modification as shown below. 
Twenty milliliters of swine waste lagoon samples were centrifuged at 13,000 x g for 10 min 
at 4°C. The precipitated cell material was resuspended with 25 ml methanol and 5 mM 
sodium ascorbate solution and incubated in dark for 30 min with shaking at 4°C, and 
precipitated by centrifugation at 13,000 x g for 10 minutes at 4°C. The methanol fraction 
was transferred to separately funnel, then 20 ml of ether was added to combined methanol 
extracts. After addition of 5 ml of saturated sodium chloride and 5 mM sodium ascorbate 
solution, bacteriochlorophyll a was then removed with the ether layer. The ether layer was 
washed three more times with an equal volume of saturated sodium chloride and 5 mM 
sodium ascorbate solution. The top ether layer was collected and dried over 10 g of sodium 
sulfate, and evaporated to dry down under a stream of nitrogen gas. The dried pellet was 
dissolved in a 1 ml of diethyl ether, and spectral absorption property in wavelengths 
between 300 and 1000 nm was determined on an Aminco DW200 spectophotometer in the 
split beam mode. Bacteriochlorophyll a has characteristic absorption properties in organic 
solvents. The bacteriochloropyll a concentration was calculated with spectrophotometer 
using a molar absorption coefficient of £772 = 96 cm^mM"1 in ethyl ether (Oelze, 1985; 
Smith and Benitez, 1955; Wiegl, 1953). 
Isolation of Phototrophic Bacteria from Lagoon Samples 
Two different types of media were used for the isolation and maintenance of 
phototrophic bacteria from swine waste lagoons: photosynthetic mineral salts broth (PMSB) 
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(Gemerden and Beeftink, 1983) or photosynthetic mineral salts medium (PMS) (Table 2.1) 
(Phillips and Brock, 1991). In addition, six different potential reductants; hydrogen sulfide, 
succinate, butyric acid, valeric acid, phenol, and 3-methyl indole were tested with each 
medium from each site. Samples, 10 ml, of filtered lagoon material were inoculated into 
100 ml of PMS or PMSB medium in a 110-ml glass Hypo vials sealed with Teflon-lined 
silicon septa (Tuf-Bond Teflon/Silicone Discs; Pierce, Rockford, IL). The culture was 
incubated anaerobically in the light for 14 days at room temperature (20 - 23°C). Ten 
milliliters of the resulting culture was transferred into fresh mineral salts medium and 
cultivated as described above. Cells from fourth enrichment culture were then spread onto 
photosynthetic mineral salts agar plates, and incubated in Oxoid anaerobic jar (Unipath Ltd., 
Basingstoke Hampshire, U.K.). Anaerobic condition in the jar was achieved by vacuuming 
and argon gas-flushing more than three times. Anaerobic jar was incubated in the light at 
room temperature for 14 days, and individual colonies streaked for isolation. 
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Electron Microscopy 
Electron microscopy samples were prepared at the Iowa State University Bessey 
Microscopy Facility as previously described (Trampel et al., 2000) with minor 
modifications. Rhodobacter sp. PS9 cells fixed in 2% paraformaldehyde and 1% 
glutaraldehyde were rinsed with PMS media and postfixed with 1% osmium tetroxide for 1 
hour. Samples were washed in deionized water and dehydrated in a graded ethanol series 
up to ultrapure ethanol. Samples for transmission electron microscopy were further 
dehydrated in pure acetone and infiltrated and embedded using Epon epoxy resin (Electron 
Microscopy Sciences, Ft. Washington, PA). Sections were collected using a Reichert 
Ultracut S ultramicrotome (Sciscope, Iowa City, IA) and Diatome diamond knife (Electron 
Microscopy Sciences, Ft. Washington, PA). Thin sections were collected onto copper grids 
and counterstained with 4% uranyl acetate (10 minutes) followed by Sato's lead stain (10 
minutes). Images were made using a JEOL 1200EX transmission electron microscope 
(Japan Electron Optic Laboratories, Akishima, Japan). 
Rhodobacter sp. PS9 suspension was placed dropwise onto 200 mesh formvar 
coated copper grids and negatively stained using 1% phosphotungstic acid (pH 6.0). Images 
were collected using JEOL 1200EX scanning transmission electron microscope. 
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Table 2.1 Photosynthetic Mineral Salts (PMS) Medium61 
Basic Medium (for 1 liter)6 
MgSÛ4 7H20 0.33 g 
NaCl 0.33 g 
NH4C1 0.5 g 
CaCl2-2H20 0.05 g 
Sodium succinate 0.3 g 
Yeast extracts 0.02 g 
Distilled water 990 ml 
After autoclaving, add the following separately filter sterilized solutions: 
Trace salts solution (see below) 1.0 ml 
Ferrous sulfate solution17 (200 mg FeS04-7H20 per liter) 0.5 ml 
Sodium bicarbonate solution^ (10 g NaHCOj per 100 ml) 10.0 ml 
Phosphate buffer solution (see below) 10.0 ml 
Trace Salts Solution 
ZnS04 7H20 10 mg 
MnCl2 4H20 3 mg 
H3BO3 30 mg 
COC12-6H20 20 mg 
CUC12-2H20 1 mg 
NiCl2-6H20 2 mg 
NaMoC>4 3 mg 
Distilled water 1000 ml 
Phosphate Buffer Solution (for 1 liter) 
KH2PO4 26 g 
Na2HPC>4 33 g 
Distilled water 1000 ml 
"The medium must be incubated anaerobically in the light 
"pH 6.9 ±0.1 
'The trace salts and phosphate buffer solutions can be stored for long period of time, but the ferrous sulfate 
and sodium bicarbonate solutions should be prepared fresh. 
Analysis of Fatty Acids from Purple Phototrophic Bacteria 
Phototrophic isolates were cultured on Difco Bacto tryptic soy broth agar (TSBA) 
(Fisher Scientific Inc., Pittsburgh, PA) and incubated at 28°C for 48 hours. Bacterial cells 
were washed off the plate with 1.0 ml of saponification reagent (3.25 M NaOH, 50% 
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methanol), vortexed, and heated for 30 minutes in 100°C water bath. The extracted fatty 
acids were mixed with 2.0 ml of methylation reagent (3.25 N HC1 in methanol) and heated 
for 10 minutes at 80°C. The resulting fatty acid methyl esters were extracted into organic 
phase by combining with 1.25 ml of 1:1 mixture of hexane and tert-butyric acid. The 
organic phase was washed with 3.0 ml of 0.3 M NaOH and analyzed by using gas 
chromatography. Identification of isolates was determined by comparison of fatty acids 
profile with TSBA aerobe databases (MIDI Inc., Newark, DE) (Mukwaya and Welch, 1989; 
Sasser, 1990; Sasser, 1990). 
The resulting fatty acids methyl ester samples were analyzed on a HP 6890 (Hewlett 
Packard, Rolling Meadows, IL) gas chromatograph (GC) equipped with an HP Ultra2 
capillary column (crosslinked 5% phenyl methyl silicone, 25 m x 0.2 mm x 0.33 gm film 
thickness) and flame ionization detector. MIDI aerobe protocols was used, which reliably 
separate fatty acid methyl esters from 9 to 20 carbons in length. For gas chromatography 
analysis, oven temperature was increased from 170°C to 260°C at a rate of 5°C min"1 
followed by an increase to a final temperature of 310°C at a rate of 40°C min"1. The final 
temperature was maintained for 1.5 minutes. For sample analysis, MIDI'S Sherlock data 
analysis system (Microbial ID, 1996) was used to identify purple phototrophic isolates. The 
Sherlock analysis system (Microbial ID, 1996) made identification based on comparison 
with MIDI'S tryptic soy broth agar (TSBA) aerobe library package (Microbial ID, 1996). 
Strains Used for Quantitative Filter Hybridization 
The microorganisms used in quantitative filter hybridization as positive and negative 
controls were Sacchromyces cerevisiae ATCC 32747, Halobacterium sp., Escherichia coli 
ATCC el 1303, Methylococcus capsulatus (Bath), Rhodobacter(Rb.) sphaeroides ATCC 
17023. Most of the strains were cultivated by using the conditions recommended by the 
American Type Culture Collection (ATCC); the exceptions were Methylococcus capsulatus 
(Bath). Methylococcus capsulatus Bath was grown in nitrate mineral salt (NMS) media as 
described by Whittenburry and Dalton (Whittenburry and Dalton, 1981). 
Nucleic Acid Extraction and Analysis 
Sufficient quantities of nucleic acids for filter hybridization experiment were 
obtained from 0.5 g of harvested lagoon pellet using a modified method of Buckley et al. 
(Buckley et al., 1998). Lagoon pellet was resuspended in 0.7 ml of homogenization buffer 
(4 M guanidium thiocyanate, 200 mM sodium phosphate [pH 8], 25 mM sodium citrate, 
0.5% iV-lauryl sarcosine, 1.7% polyvinylpolypyrrolidone) (Ogram et al., 1995) and then 
combined with 0.7 g of 0.1-mm-diameter zirconia-silica beads (Biospec Products, 
Bartlesville, OK). The lagoon microorganisms were lysed by using a bead beater (Biospec 
Products, Bartlesville, OK) for two 1-minute cycles on ice. The disrupted samples were 
centrifuged at 3,000 x g for 10 min, and the supernatant fraction collected. The supernatant 
was mixed with 0.1 volume of 5 M sodium chloride and 0.5 volume of 50% polyethylene 
glycol 8000, and incubated on ice for 2 h. The nucleic acids were recovered by 
centrifugation at 15,000 x g for 30 min. The pellet was washed with 70% ethanol and 
resuspended in 2 ml of 120 mM sodium phosphate buffer (pH 7.2). The extract was 
combined with 0.1 volume of 10% hexadecyltrimethylammonium bromide and heated at 
60°C for 5-8 min to remove some humic acid contamination from lagoon samples. Then 
the nucleic acids were extracted with an equal volume of phenol-chloroform-isoamyl 
alcohol (25:24:1) (pH 4.7). Hydroxyapatite (Bio-Rad Laboratories, Hercules, CA) spin 
columns were used to remove humic acid by the method of Purdy et al. (Purdy et al., 1996). 
The nucleic acids were desalted with Sephadex G-75 (Pharmacia Biotech, Uppsala, 
Sweden) spin columns, precipitated with 0.1 volume of sodium acetate and 0.6 volume of 
isopropanol (Purdy et al., 1996), and then resuspended in 200 |il of diethylpyrocarbonate 
(DEPC)-treated RNase-free water (Sambrook et al., 1989). 
Nucleic acids were analyzed with a UVIKON spectrophotometer model 930 
(Research Instrument, Int., San Diego, CA). The absorption of light by samples was 
measured at wavelengths between 220 and 320 nm, and point measurements were taken at 
230, 260, and 280 nm. Absorption of light by humic acids were measured at 230 nm; 
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therefore, absorption at 260 nm (AzaO/Azso values provided an indication of humic acid 
contamination in nucleic acid samples (Zhou et al, 1996). 
Oligonucleotide Probes and Labeling 
Total 16S rDNA and rRNA in recovered rDNA and rRNA was quantified with 
universal oligonucleotide probe (Univl390) (Zheng et al., 1996), and contribution of 
Eubacteria domain was determined by hybridization with Eubacteria-specific 
oligonucleotide probe (Eub338) (Amann et al., 1990). Sequences of these probes were as 
follows; Univl390, GAC GGG CGG TGT GTA CAA; Eub338, GCT GCC TCC CGT 
AGG AGT; Rhodo2, ACC ATC TCT GGA ACC GCG. All of the oligonucleitde probes 
are complementary to regions of the small subunit rRNA molecules. 
Oligonucleotide probes were 5'-end labeled by T4 polynucleotide kinase (Promega 
Corp., Madison, WI) with [y-32P]ATP (3,000 Ci/mmol). A 10-fold excess of the amount of 
probe necessary to bind to the nucleic acids on the membrane was mixed with 5 |xl of 10 
mM kinase buffer (pH 7.0)(Sambrook et al., 1989), 1 Jill T4 polynucleotide kinase, an 
equimolar amount of [y-32P]ATP, and RNase-free water to obtain a total volume of 50 |il. 
This mixture was incubated for 30 min at 37°C, then add 1 |il of T4 polynucleotide kinase, 
and incubate another 30 min at 37°C. The unincorporated 32P was removed from the 
labeled probes by using micro Bio-Spin chromatography columns (Bio-Rad Laboratories, 
Hercules, CA). 
Quantitative Filter Hybridization 
Quantitative filter hybridization was performed by using the methods of DeLong 
(DeLong, 1992) with minor modifications. Nucleic acids from lagoon samples and cultures 
were denatured with 2% glutaraldehyde-50 mM Na%HP04 and serially diluted to provide a 
range of sample concentrations for blotting. Nucleic acids were blotted onto Magna Charge 
nylon membranes (MSI Micron Separations Inc., Westborough, MA) with a Bio-Dot 
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microfiltration apparatus (Bio-Rad Laboratories, Hercules, CA) and were immobilized by 
baking at 80°C for 1 h. 
Baked membranes were prewetted in hybridization buffer (Table 2.2) and placed in 
hybridization roller tubes (Techne Ltd., Duxford Cambridge, U.K.). Ten milliliter of 
hybridization buffer was added to each roller tube. Membranes were incubated 
(prehybridized) for 1 h at 40°C in rotating Hybridizer oven (Techne Ltd., Duxford 
Cambridge, U.K.) before the addition of labeled probe. All hybridizations were carried out 
for more than 24 h at 40°C; the membrane was washed twice for 30 min at 45°C in 2x ST 
(Table 2.2) and 0.1% sodium dodecyl sulfate (SOS). The membranes were then removed 
from hybridization tubes, dried, and cut into separate individual hybridized blots. 
Specifically bound probes in each blot were quantified by liquid scintillation counting. 
Table 2.2 Preparations of hybridization solutions 
20 x ST 3.0 M NaCl 
0.4 M Tris-HCl, pH 8.0 
Prehybridization 
/Hybridization solution 6x ST 
lx Denhardt's solution" 
100 jug poly (A) per ml 
0.05% sodium dodecyl sulate (SDS) 
50 x Denhardt's solution" 5 g polyvinylpyrrolidone 
5 g bovine serum albumin (Fraction V)6 
H20 to 500 ml 
"Denhardt's solution should be filter-sterilized and stored at -20°C. 
6Sigma-Aldrch Co., St. Louis, MO 
The relative abundance of 16S rDNA and rRNA derived from a specific group in 
swine waste lagoons was calculated as the ratio of the signal derived from a group-specific 
probes to the signal derived from the universal probe (DeLong, 1992; Giovannoni et al., 
1990). To calculate relative abundance of Rhodobacter sp. PS9 in seasonal swine waste 
lagoon, the slopes of the probe binding curves were determined for serial dilutions of 
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positive and negative controls and lagoon samples. Positive controls were included on each 
membrane to correct for variations in the labeling efficiency of different oligonucleotide 
probes while negative controls were used to correct for the possibility of nonspecific probe 
binding. Each DNA and RNA sample was represented by four aliquots in a dilution series 
to examine potential differences in signal intensity due to inhibition or membrane 
saturation. The relative abundance of 16S rDNA and 16S rRNA from Rhodobacter sp. PS9 
in swine lagoon samples was determined from the following equation. 
% Abundance -
Ssample V Sneg. 
Gsample tÎGneg 
Spos. V Sneg. 
Gpos. ,= 1 Gneg. 
To account for the contribution of nonspecific binding, the ratio of specific probe 
binding to universal (or general) probe binding for each of negative controls (Sneg./Gneg.) was 
subtracted from the signal intensity for the samples (SSampie/GSampie). To account for the 
difference in probe specific activity, the ratio of specific probe binding to universal probe 
binding for positive controls (SPos./GPos.) was determined. Because nonspecific binding 
could occur for positive controls, (Sneg./Gneg.) was subtracted from (Spos./GPos.). 
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CHAPTER 3. CHARACTERIZATION OF VOLATILE ORGANIC COMPOUNDS 
IN ENVIRONMENTAL ODOR POLLUTANTS FROM SWINE WASTE LAGOONS 
Current odor monitoring/evaluating methodologies (olfactometry, chemical analysis, 
and electronic method) all have inherent advantages and disadvantages. The first objective 
of this study was the development of a standard field monitoring systems with the following 
properties; (i) samples could be taken by individuals with no scientific background, (ii) 
system must be simple enough to examine multiple sites (i.e. field, emission from pit or 
lagoon systems, confinement building, etc.), (iii) sampling should be quick, (iv) samples 
must be analyzed on site or transportable via mail, and (v) systems should provide 
information on the type of odors present. Of the three current methodologies, only the 
chemical monitoring system has the potential to meet all five criteria; additionally, chemical 
composition of odor is a reliable indicator of microbial activities in waste treatment system. 
Evaluation of Chemical Odor Monitoring System 
Previous studies (Hammond, 1989; Ritter, 1989; Spoelstra, 1980; Toit, 1987; 
Yasuhara et al., 1984) assume that the major chemical constituents present in liquid and 
solid phase of animal waste volatilize and are transported in the atmosphere at a rate 
proportional to the concentrations of analytes present in liquid/solid phase. Contrary to 
these assumptions, Hobbs et al. (1995) showed that the concentration of malodorous 
compounds extracted from swine manure was highly dependent on the extraction protocol. 
A comparison of malodorous volatile compounds in swine manure extracted by organic 
solvents or by purging air gave different chemical profiles and suggested that solution-phase 
concentration of malodorous compounds may show a little relationship to the concentration 
of compounds actually present in the air (Hobbs et al, 1995). The results from these 
attempts to monitor odors via chemical composition indicate the air phase must be analyzed 
directly even if the concentration is only a fraction of what is observed in the liquid phase. 
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Analysis of Airborne Odor Pollutants by Thermal Desorption Method 
One problem with the use of chemical monitoring system for odor is the 
concentration level in the air phase. Since the nose is more sensitive than chromatographic 
detectors to most odorous compounds, malodorous compounds in the air must be 
concentrated before further analysis. Volatile organic compounds (VOC) can be 
concentrated from air samples by purge-trap techniques (e.g., cryofocusing), solid phase 
microextraction (SPME) (Zhang et al, 1996), or on absorbent resins (Bruner et al., 1978; 
Ciccioli et al, 1976; Driss and Bouguerra, 1991). Purge-trap method using cryofocusing or 
impinger is designed for collection of airborne chemicals into a liquid medium specified for 
desired compounds; therefore, this method is highly dependent upon the selection of 
solvents. This methodology is unsuitable for field sampling. Table 3.1 shows all 
compounds detected by gas chromatograph-mass spectrometry analysis with different 
injection types including liquid lagoon sample, headspace gas, and solid phase 
microextraction fiber saturated with volatile organic compounds in headspace. 
Chromatograms from direct injection of lagoon liquid and headspace gas showed various 
chemicals in samples; however, those results just arranged chemicals with high 
concentration in samples regardless of volatility or contribution to odor pollution. 
Moreover, these techniques require frequent cleaning or sometimes changing of gas 
chromatography columns in order to prevent ghost peak(s) in the chromatogram. Solid 
phase microextraction (SPME) methodology is a good way to extract volatile organic 
compounds in the air using a simple and time saving protocol without any extra instrument 
to purchase. However, this method shows difficulty in quantification of absorbed 
compounds, and storage losses or possible contamination during transportation. The results 
from solid phase microextraction (SPME) also highly depend on the fiber materials to be 
used. Of the three, absorbent resin systems (SPME) were more adaptable for field studies. 
Several different resins were tested and a resin combination of Tenax TA and Carbopack C 
resulted in the concentration of 120 - 140 of the 170 to 200 volatile organic compounds 
identified from livestock waste (Bourque et al., 1987; Driss and Bouguerra, 1991; Hobbs et 
al., 1995; O'Neill and Phillips, 1992; Yasuhara and Fuwa, 1983; Yasuhara et al., 1984). 
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Table 3.1 Profile of chemicals detected by using gas chromatograph-mass spectrometry 
with different injection protocol; 2 jul of liquid lagoon sample (LQ), 1 ml of headspace 
gas (HS), and SPME fibers exposed to headspace gas for 2 hours at room temperature. 
Compound 
CAS r 
Injection Type 
LQ HS SPME 
1,2-benzenedicarboxylic acid 
1,2-dimethy 1-hydrazine 
1,2-ethanediamine 
1,2-oxazepine, 7-(p-chlorophenyl)hexahydro-2-methyl 
1.2-propanediol, 3-methoxy-
1-dodecanol 
1-heptadecanol 
1 -isocy ano-4-methy 1-benzene 
1-octadecanol 
1-octadecene 
1-undecanol 
2.3-dihydro-benzofuran 
2-methyl-propanoic acid 
2-piperidinone 
2-propenoic acid, 3-[3,4-bis(acetyloxy)phenyl]-
2-tridecanone 
2-undecanone 
2H-benzeimidazol-2-one, 1,3-dihydro-
3-(dimethylamino)-1,2-propanediol 
3-dodecene 
3-methyl-butanal 
5-meyhl-isothiazole 
6-deoxy-D-galactose 
6-undecy lamine 
7-hexyl-tridecane 
acetic acid 
allocholesterol 
benzeneacetic acid 
benzenemethanamine, N-methyl-N-nitroso-
benzenepropanoic acid 
benzenethiol, 2-methyl-
benzylmalonic acid 
bis(2-ethylhexyl) phthalate 
bisphenol A 
butanoic acid 
027554-26-3 
000105-84-0 
000623-39-2 
000112-53-8 
001454-85-9 
000112-92-5 
000112-88-9 
000112-42-5 
000079-31-2 
000675-20-7 
000593-08-8 
000112-12-9 
005400-75-9 
007239-23-8 
000693-97-0 
003615-37-0 
033788-00-0 
007225-66-3 
000064-19-7 
000517-10-2 
000103-82-2 
000501-52-0 
000616-75-1 
000117-81-7 
000080-05-7 
000107-92-6 
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Table 3.1 (continued) 
Compound 
CAS r 
Injection Type 
LQ HS SPME 
butanoic acid, 2-methyl-
butanoic acid, 3-methyl-
carbamic acid, phenylester-
carbitol 
cholestan-3-ol, tetramethylphospho-
decanal 
decanoic acid 
diethyl carbitol 
dodecane, 2,7,10-trimethyl-
eicosane 
eicosene, 5-
farnesol 
heptadecane, 2,6-dimethyl-
heptadecanoic acid 
heptanoic acid 
hexadecanoic acid 
hexanoic acid 
hexyl-oxirane 
hydrazinecarbothioamide 
hydrogen sulfide 
indol-2-one, 1,3-dihydro-
indole 
indole, 2-methyl-
indole, 3-methyl-
indole, 4-methyl-
indole, 6-methyl-
indole-3-ethanamine 
indolizine, 3-methyl-
N-butyl-2-decanamine 
N-methyl-N-( 1 -oxododecy l)-glycine 
octanoic acid 
pentadecanoic acid 
pentanoic acid 
pentanoic acid, 3-methyl-
phenol 
phenol, 2,4-dimethyl-
phenol, 2-ethyl-
phenol, 3,5-dimethyl-
phenol, 3-ethyl-
phenol, 3-methyI-
phenol, 4-ethyl-
000116-53-0 
000503-74-2 
000111-90-0 
054423-69-7 
000334-48-5 
000112-36-7 
074645-98-0 
000112-95-8 
074685-30-6 
004602-84-0 
000506-12-7 
000111-14-8 
000057-10-3 
000142-62-1 
002984-50-1 
000095-20-5 
000083-34-1 
016096-32-5 
000061-54-1 
001761-10-0 
062238-18-0 
000097-78-9 
001002-84-2 
000109-52-4 
000108-95-2 
000105-67-9 
000090-00-6 
000108-68-9 
000108-39-4 
000123-07-9 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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Table 3 Continued 
Compound Injection Type 
CAS r LQ HS SPME 
phenol, 4-methyl- 000106-44-5 + + + 
phenyl-propanedioic acid 002613-89-0 + + 
phosphonic acid, (p-hydroxyphenyl)- 033795-18-5 + 
phosphonic acid, dioctadecyl ester 019047-85-9 + 
piperidinone 027154-43-4 + + 
pristane 001921-70-6 + 
propanoic acid 000079-09-4 + + 
propanoic acid, 2-aminooxy- 002786-22-3 + 
propanol, 2-ethoxy-l- 019089-47-5 + 
propylhexedrine 000101-40-6 + 
squalane 000111-01-3 + 
sulfur dioxide 007446-09-5 + 
sulfur, mol.(S8) 010544-50-0 + 
toluene 2,4-diisocyanate 000584-84-9 + 
urea, N-methyl-N-nitroso- + 
xanthantin 026791-73-1 + 
"Chemical abstracts registry numbers 
Figure 3.1 shows a typical chromatograph of volatile compounds extracted from thermal 
desorption methodology, which concentrated volatile/semivolatile organic compounds from 
60 L of air around swine waste lagoon in mid June. In comparison with table 3.1, figure 3.1 
showed many compounds excluded or hidden in direct injection of lagoon liquid or 
headspace gas because of low concentration or low volatility; additionally, thermal 
desoprtion method could trap volatile/semivolatile compounds which were missed by 
specific solid phase microextraction fiber because of its selectivity. 
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Figure 3.1 Volatile organic compounds emitted from anaerobic swine waste lagoon eluted 
from Tenax TA-Carbopack C resins by thermal desorption, separated on a HP-Innowax 
capillary column. Gas chromatography-mass spectrometry (GC-MS) chromatogram was 
acquired using electron impact ionization. 
1. Hexane 10. 3 -Methyl-1 -butanol 21. 3-Methyl butanoic acid 
2. Methane, thiobis 11. 4-Methyl-2-pentanol 22. Pentanoic acid 
3. 1-Octene 12. 1-Pentanol 23. 4-Methyl Pentanoic acid 
4. Acetic acid, ethyl ester 13. 4-Methy 1-1 -pentanol 24. Hexanoic acid 
5. 2-Butanol 14. 1 -Hexanol 25. Phenol 
6. Butanoic acid, ethyl 15. Dimethyl trisulfide 26. 4-Methyl phenol 
ester 16. 1-Heptanol 27. 2-Peperidinone 
7. Ethanethioic acid, S- 17. Acetic acid 28. 4-Ethyl phenol 
methyl ester 18. Propanoic acid 29. Indole 
8. Dimethyl disulfide 19. 2-Methyl propanoic acid 30. 3-Methyl indole 
9. 1-Butanol 20. Butanoic acid 
Discussion 
Thermal desorption tubes with a multiple beds combination of Tenax TA and 
Carbopack C is a reproducible and adaptable system for collecting and concentrating 
volatile and semi-volatile compounds in the air surrounding swine waste lagoon (DiSpirito 
et al., 1995). Tenax TA is porous polymer suitable for the trapping and separating high 
boiling point polar compounds such as alcohols, diols, phenols, mono and diamines, 
aldehyde, and ketones, whereas Carbopack C is nonporous inert graphitic carbon with 
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smaller surface area which allows effective absorption and separation of variety airborne 
compounds such as short chain fatty acids as a backup absorbents (Bruner et al, 1978; 
Bruner et al., 1974; Ciccioli et al., 1976; Mangani et al., 1987; Wight, 1994). The 
combination of these two absorbents gave the consolidated information about volatile and 
semi-volatile compounds in environmental odor pollutant in the air surrounding swine waste 
management systems. Using the thermal desorption system described above samples 
showed less than 20% variability. When volatile organic compounds were absorbed on 
similar resins and desorbed with organic solvent(s), the variability was 50 to 300%. This 
new technology allows us to investigate a number of parameters including the monitoring of 
flux, emission, and transport rate of volatile and semi-volatile compounds from swine waste 
treatment systems (Zahn et al., 1997) as well as correlating chemical compositions of 
environmental odor pollutants to human olfactory response (Zahn et al., 2001). 
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CHAPTER 4. ISOLATION AND CHARACTERIZATION OF PURPLE 
PROTOTROPHIC BACTERIA FROM SWINE WASTE LAGOONS 
Phototrophic bacteria are found in most anaerobic aquatic environments and they are 
easily observed during a bloom as green or purple color (Siefert et al., 1978; Truper and 
Pfennig, 1981). Purple and green sulfur bacteria are the microorganisms responsible for 
most of the observed/monitored phototrophic blooms (Caumett, 1986; Drews and Imhoff, 
1991; Gemerden and Beeftink, 1983; Imhoff, 1995; Imhoff et al., 1984). The distribution of 
purple nonsulfur bacteria especially depend on the degree of organic content in water. High 
populations of purple nonsulfur phototrophic bacteria are usually only observed in eutrophic 
water systems exposed to light such as animal waste lagoons (Hiraishi and Kitamura, 1984; 
Hiraishi et al., 1995; Siefert et al., 1978; Wenke and Vogt, 1981). 
Water suspensions from nine swine waste lagoons known to develop photosynthetic 
blooms were used as inocula for enrichment cultures. Two different types of media were 
used, photosynthetic mineral salts broth (PMSB) (Phillips and Brock, 1991) or 
photosynthetic mineral salts medium (PMS) (Gemerden and Beeftink, 1983) and six 
different reductants: hydrogen sulfide, succinate, valeric acid, butyric acid, phenol, and 3-
methyl indole were tested with samples from each site. Enrichments were incubated in 110 
ml serum vials in the light under anaerobic conditions. After four enrichment transfers, 
cultures were spread on solid media and individual colonies were isolated on solid media. 
Both purple and green sulfur and nonsulfur phototrophic bacteria have been isolated. The 
most common isolate from these sites was the purple nonsulfur phototrophic bacterium, 
designated strain PS9. Strain PS9 was characterized physiologically and genetically with 
respect to taxonomic identity, metabolic capacity, and ecophysiological significance in 
livestock waste water system. 
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Isolation of Phototrophic Bacteria 
To determine the type of phototrophic bacteria involved in the bloom, samples from 
nine purple swine waste lagoons (5 in central Iowa and 4 from northern Missouri) were 
sampled before and following the bloom. Initial enrichments of pre-bloom lagoon samples 
were either incubated directly under light, under anaerobic conditions, at room temperature 
(Fig. 4.2) or used as an inoculum into either PMS or PMBS medium either 
photolithoautotrophically using hydrogen sulfide, hydrogen or sulfur and carbon dioxide, or 
chemooganotrophically using succinate, valeric acid, butyric acid, or 3-methyl indole as 
carbon and reductant source as described in materials and methods. Post bloom samples 
were also used as inoculum for enrichments cultures as described for pre-bloom samples. 
Three of the four major groups of phototrophic bacteria, purple sulfur and nonsulfur and 
green sulfur bacteria, as well as cyanobacteria could be isolated from the 9 sites tested. 
However, the dominant phototrophic bacteria in all nine sites were purple nonsulfur bacteria 
similar to Rhodobacter(Rb.) sphaeroides. The following description focus on the properties 
of one of these isolates, Rhodobacter sp. PS9. The dominant phototrophic bacteria in all 9 
test sites was either Rhodobacter sp. PS9 or a biotype of this bacterium. 
Morphology and Ultrastructure 
All phototrophic isolates derived from purple swine waste lagoon have 
morphologies similar to Rb. sphaeroides (Imhoff, 1995). Strain PS9 grown 
phototrophically in liquid media were Gram-negative ovoid cells measuring 0.5 to 0.7 |im 
wide and 0.8 to 1.4 |im long (Fig. 4.1 A). The organism was actively motile by means of 
single sub-polar flagellum (Fig. 4.1 A). Ultrathin sections of Rhodobacter sp. PS9 showed 
the same internal membrane arrangement observed in purple nonsulfur phototrophic 
bacteria such as Rb. sphaeroides and Rb. capsulatus (Drews and Golecki, 1995; Drews and 
Imhoff, 1991; Imhoff, 1995; Imhoff et al., 1984; Madigan et al., 2000; Tràper and Pfennig, 
1981). Summing up, these morphological characteristics were similar to those of purple 
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nonsulfur phototrophic bacteria Rb. sphaeroides (Imhoff, 1995) and Rb. azotoformans 
(Hiraishi et al., 1996; Hiraishi et al., 1995), and further genetic and physiological studies 
were performed to compare strain PS9 with these phototrophic bacteria. 
200nm 
Figure 4.1 Electron micrographs of negatively stained (A) and ultrathin-sectioned (B) cells 
of phototrophically grown Rhodobacter sp. PS9, showing ovoid cells with subpolar 
flagellum and vesicular type of intracytoplasmic membrane arrangement, respectively. 
Spectral Identification of Photopigment 
Strain PS9 produced purple pigmentation under anoxygenic phototrophic growth 
conditions and the purple color of the culture was similar to the color of anaerobic swine 
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waste lagoon during purple blooming in late summer. Intact cells of isolates showed 
absorption maxima at about 377, 450, 477, 509, 589, 801, 850, and 951 nm (Fig. 4.2A), and 
methanol extracts showed absorption maxima at 357, 391, 574, and 771 nm (Fig. 4.2B), 
which indicated the presence of bacteriochlorophyll (BChl) a and carotenoids of 
spheroidene series (Hiraishi et al., 1995; Madigan et al., 2000; Oelze, 1985). 
Bacteriochlorophyll extracts of lagoon samples during the bloom were similar to the 
extracts from Rhodobacter sp. PS9 with additional absorption maxima at 436, 525, and 677 
nm indicating the presence of chlorophyll a (Fig. 4.2.B) a pigment associated with manure 
from animal feeds containing corn and soybean products (Casey et al., 1999). 
The in vivo spectrum, especially the strong absorbance at 800 and 850 nm, suggested 
that strain PS9 contained both light-harvesting (LH) I and LH II photocomplexes (Madigan 
et al., 2000; Zuber and Cogdell, 1995). Two major types of antenna complexes are 
observed in purple phototrophic bacteria, the 'core' B877-type and the 'variable' B800-850-
or B800-820-type, and strong absorption peak at 850 nm indicated B800-850-type 
complexes in strain PS9 (Madigan et al., 2000; Oelze, 1985; Zuber and Cogdell, 1995). 
The B800-850-type antenna complexes are also observed in purple nonsulfur phototrophic 
bacteria such as Rb. sphaeroides and Rb. capsulatus (Oelze, 1985; Welte et al., 1985; Zuber 
and Cogdell, 1995). 
Despite of difficulty of determining carotenoid types from in vivo absorption 
spectra, the color of strain PS9 mass culture along with absorption maxima of intact cell 
(Fig. 4.2A) suggest that strain PS9 contains the carotenoids spheroidenone and 
spirilloxanthin, or derivatives of these pigments (Pfennig and Truper, 1992). Additionally, 
pigmentation changes of strain PS9 from purple to pink-rose when they were exposed to air 
from anoxygenic phototrophic growth, is common characteristics of purple phototrophic 
bacteria that express carotenoids of spheroidene pathway (Takaichi, 1999). 
The high concentrations of chlorophyll a observed in the chlorophyll extracts (Fig. 
4.2B) was unexpected since macroscopic and microscopic examinations of lagoon waters 
showed little to no plant material or algae or cyanobacteria. Cyanobacteria could be 
detected during enrichments from most of the lagoons tested, but few were detected prior to 
enrichments. As stated above, chlorophyll o is a pigment associated with manure from 
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animal feeds containing corn and soybean products and a wavelength between 600 and 680 
nm can be used as a method of detecting fecal contamination (Casey et al., 1999). 
Figure 4.2 Spectrophotometric analysis of (A) anaerobic swine waste lagoons prior to 
(photo A, trace c) and following (photo B, trace a) the purple photosynthetic bloom 
compared with phototrophically grown Rhodobacter sp. PS9 (trace b), and (B) methanol 
extracts of bacteriochlorophyll from purple photosynthetic lagoon (trace a) and 
Rhodobacter sp. PS9 (trace b). Insert, lagoon liquid samples were taken on April 2nd, 2001 
and incubated for 20 days under the light (photo B) or dark (photo A) at room temperature. 
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Fatty Acid Analysis of Purple Photosynthetic Bacteria 
Cellular fatty acids were extracted from photosynthetic isolates, and analyzed by 
Microbial Identification System-Fatty Acid Methyl Ester (MIDI-FAME) method. MIDI-
FAME system compares composition and concentration of short chain cellular fatty acids 
from unknown bacteria to available databases for typing unknowns. Rhodobacter sp. PS9 
was identified as belong to the genus Rhodobacter and more closely related to Rb. 
sphaeroides with similarity index ranging from 0.45 to 0.81. The predominant fatty acid in 
Rhodobacter sp. PS9 was 18:l(û7c/(û9t/(ol2t. MIDI-FAME results supported the 
morphology and pigment spectral absorption data indicating Rhodobacter sp. PS9 as a 
member of purple nonsulfur phototrophic bacteria Rhodobacter. Total cellular fatty acids 
extracted from lagoon materials also showed an increase in 18:lo)7c/a)9t/col2t during the 
photosynthetic bloom consistent with the following results showing Rhodobacter sp. PS9 is 
the major phototrophic bacterium in the lagoons tested (Merrill, 1999). 
Phylogenetic Properties 
Almost complete sequences of the 16S rRNA gene from Rhodobacter sp. PS9 were 
obtained by in vitro amplification and sequencing (Fig. 4.3). The sequences of Rhodobacter 
sp. PS9 16S rRNA gene was phylogenetically analyzed by using the program ARB (Strunk 
and Ludwig, 1996), PAUP (Swofford, 1991), and MacClade (Maddison and Maddison, 
1992). Phylogenetic trees (Fig. 4.4) were generated by performing neighbor-joining (Saitou 
and Nei, 1987), parsimony (Stahl et al., 1988), and maximum-likelihood analyses (Olsen et 
al., 1994). This genetic analysis confirmed the results from morphological and 
physiological studies, confirming that strain PS9 belongs to the genus Rhodobacter of 
purple nonsulfur phototrophic bacteria. From phylogenetic analyses, strain PS9 belonged to 
the a-Proteobacteria with its closest known relative the purple bacterium Rb. azotoformans, 
which is about 3% difference in 16S rRNA sequence. Rb. azotoformans is a denitrifying 
phototrophic bacteria isolated from the activated sludge pits from human waste water 
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treatment plants in Japan (Hiraishi et al., 1995). Because of close phylogenetic relationship 
between strain PS9 and Rb. azotoformans, it was necessary to examine more physiological 
relationship between these two organisms more closely. 
1 AATGAACGCT GGCGGCAGGC CTAACACATG CAAGTCGAGC 
41 GAAGTCTTCG GACTTAGCGG CGGACGGGTG AGTAACGCGT 
81 GGGAACATGC CCAAAGGTAC GGAATAGCCC CGGGAAACTG 
121 GGAGTAATAC CGTATGTGCC CTTCGGGGGA AAGATTTATC 
161 GCCTTTGGAT TGGCCCGCGT TGGATTAGGT AGTTGGTGGG 
201 GTAATGGCCT ACCAAGCCGA CGATCCATAG CTGGTTTGAG 
241 AGGATGATCA GCCACACTGG GACTGAGACA CGGCCCAGAC 
281 TCCTACGGGA GGCAGCAGTG GGGAATCTTA GACAATGGGC 
321 GCAAGCCTGA TCTAGCCATG CCGCGTGATC GATGAAGGCC 
361 TTAGGGTTGT AAAGATCTTT CAGGTGGGAA GATAATGACG 
401 GTACCACCAG AAGAAGCCCC GGCTAACTCC GTGCCAGCAG 
441 CCGCGGTAAT ACGGAGGGGG CTAGCGTTAT TCGGAATTAC 
481 TGGGCGTAAA GCGCACGTAG GCGGACTGGA AAGTCAGGGG 
521 TGAAATCCCG GGGCTCAACC CCGGAACTGC CTTTGAAACT 
561 CCCAGTCTTG AGGTCGAGAG AGGTGAGTGG AATTCCGAGT 
601 GTAGAGGTGA AATTCGTAGA TATTCGGAGG AACACCAGTG 
641 GCGAAGGCGG CTCACTGGCT CGATACTGAC GCTGAGGTGC 
681 GAAAGCGTGG GGAGCAAACA GGATTAGATA CCCTGGTAGT 
721 CCACGCCGTA AACGATGAAT GCCAGTCGTC GGGCAGCATG 
761 CTGTTCGGTG ACACACCTAA CGGATTAAGC ATTCCGCCTG 
801 GGGAGTACGG CCGCAAGGTT AAAACTCAAA GGAATTGACG 
841 GGGGCCCGCA CAAGCGGTGG AGCATGTGGT TTAATTCGAA 
881 GCAACGCGCA GAACCTTACC AACCCTTGAC ATGGCGATCG 
921 CGGTTCCAGA GATGGTTCCT TCAGTTCGGC TGGATCGCAC 
961 ACAGGTGCTG CATGGCTGTC GTCAGCTCGT GTCGTGAGAT 
1001 GTTCGGTTAA GTCCGGCAAC GAGCGCAACC CACGTCCTCA 
1041 GTTGC CAGCA TTCAGTTGGG CACTCTGGGG AAACTGCCGG 
1081 TGATAAGCCG GAGGAAGGTG TGGATGACGT CAAGTCCTCA 
1121 TGGCCCTTAC GGGTTGGGCT ACACACGTGC TACAATGGCA 
1161 GTGACAATGG GTTAATCCCA AAAAGCTGTC TCAGTTCGGA 
1201 TTGGGGTCTG CAACTCGACC CCATGAAGTC GGAATCGCTA 
1241 GTAATCGCGT AACAGCATGA CGCGGTGAAT ACGTTCCCGG 
1281 GCCTTGTACA CACCGCCCGT CACACCATGG GAATTGGTTC 
1321 TACCCGAAGG CGGTGCGCCA ACCTCGCAAG AGGAGGCAGC 
1361 CGACCACGGT AGGATCAGTG ACTGGGGTGA AGTCGTAACA 
1401 AGGTAGCCGT AGGGGAACC 
Figure 4.3 Primary structure of the 16S ribosomal RNA gene of Rhodobacter sp. PS9. 
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Figure 4.4 Distance matrix tree showing phylogenetic relationships between Rhodobacter 
sp. PS9 and phototrophic and nonphototrophic relatives belonging to the alpha subclass of 
the Proteobacteria, based on 16S ribosomal RNA gene sequences; 1419 bases were used in 
the alignments. Scale bar represents 10 nucleotide substitutions per 100 nucleotides. 
Electron Donors and Carbon Sources 
Rhodobacter sp. PS9 was compared with its closest relative Rb. azotoformans for 
the utilization of different electron donors and carbon sources for phototrophic growth. The 
results were the same with all four isolates and the results for Rhodobacter sp. PS9 shown 
in table 4.1. Rhodobacter sp. PS9 showed typical characteristics of purple nonsulfur bacteria 
such as Rb. sphaeroides and Rb. azotoformans. The organism grew phototrophically 
(anaerobic-light) and chemoorganotrophically (aerobic-dark). Strain PS9 grew 
photoheterotrophically on a wide variety of organic compounds including short chain fatty 
acids, sugars, amino acids, and aromatic carbon compounds (Table 4.1), but none of the 
inorganic electron sources tested. The differences between Rhodobacter sp. PS9 and Rb. 
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azotoformans were found in utilizations of lactic acid, malic acid, fumaric acid, tartaric acid, 
aspartic acid, glutamic acid, methanol and benzoic acid. The flexibility of substrate 
utilization reflects its habitat; Rhodobacter sp. PS9 was shown to preferentially utilize the 
volatile organic compounds (CI to C7) found in waste lagoon waters to other compounds 
which were not familiar in lagoon water. In contrast to most purple nonsulfur 
photosynthetic bacteria Rhodobacter sp. strain PS9 also utilized a number of aromatic 
compounds such as phenol and 3-methyl indole. 
Table 4.1 Utilization of electron donor and carbon sources for phototrophic growth by the 
new isolate, Rhodobacter sp. PS9, and Rhodobacter azotoformans. All cultures were 
incubated at room temperature in the light for 14 days. Symbols; +, growth 
(OD66O=0.5-1.0); -, no growth; nd, not determined. All substrate tested were added to 
give a final concentration of 10 mM. 
Donor/Source Structure/Formula Growth VOC/VIC 
Rb. sp. Rb. 
PS9 Azotoformans" 
Formic Acid 
Acetic acid 
Propionic Acid 
Butyric acid 
Valeric Acid 
Caproic Acid 
Heptanolic Acid 
Caprylic Acid 
Pelargonic Acid 
Pyruvic Acid 
Lactic Acid 
Malic Acid 
Succinic Acid 
Fumaric Acid 
Tartaric Acid 
HCOOH 
CH3COOH 
CH3CH2COOH 
CH3CH2CH2COOH 
CH3CH2CH2CH2COOH 
CH3CH2CH2CH2CH2COOH 
CH3CH2CH2CH2CH2CH2COOH 
CH3CH2CH2CH2CH2CH2CH2COOH 
CH3CH2 
CH2CH2CH2CH2CH2CH2COOH 
CH3COCOOH 
CH3CH2OCOOH 
H\ /H 
z C = ( ^  
HOOC COOH 
HOOCCH2CH2COOH 
Hooq zH 
/ c = ( ^  
H COOH 
HOOCCHOHCHOHCOOH 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
nd 
nd 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
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Table 4.1 (continued) 
Donor/Source Structure/Formula Growth VOC/VIC0 
Rb. sp. Rb. 
PS9 Azotoformans" 
Citric Acid 
Gluconic Acid 
Aspartic Acid 
Arginine 
Glutamic Acid 
Glucose 
Fructose 
Mannose 
Manitol 
Sorbitol 
Glycerol 
Methanol 
Ethanol 
Propanol 
Phenol 
CH2COOH 
HOCCOOH 
CH2COOH 
HCOOC(CHOH)4CH2OH 
CH2CH(NH2)COOH 
NH2  I 
HN= CNCH2CH 2CH2C - COOH 
NH, 
I 
H 
HOOCCH2CH2CH(NH2)COOH 
CHGOH 
H OH 
H0CH2C0(CH20)3CH20 
CH2OH 
HON ^oH 
H H 
H PHPH? ? 
HO C- C - C- C- C- CHXJH H I I I I T 
H H OH OH 
H PH 
HOC- C" C- C- C" CHJDH H I I I I T 
H H OH H 
HOCH2OHCHOHCH2OH 
CH3OH 
CH3CH2OH 
CH3 CH2CH2OH 
OH 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
nd 
+ 
nd 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
nd 
nd 
+ 
+ 
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Table 4.1 (continued) 
Donor/Source Structure/Formula Growth VOC/VICb 
Rb. Rb. 
sp. Azotoformansa 
PS9 
/j-Cresol OH + nd + 
I 
CH3  
Benzoic Acid COOH + + i 
3-Methyl Indole 
Hydrogen + CO2 
Sulfide + CO2 
Sulfur + CO2 
Thiosulfate + 
CO2 
"Hiraishi et al. (1995) 
bVOC substrate commonly detected in anaerobic swine waste lagoon. 
Discussion 
Odor production in livestock waste results from the interaction of several microbial 
consortiums which, for discussion purposes, can be divided into two target groups. One 
such relationship is found between fermentative microorganisms and phototrophic bacteria. 
Fermentative microorganisms degrade complex macro-nutrients in livestock waste into low 
molecular weight organic compounds such as volatile fatty acids, aromatic compounds such 
as phenols, cresols and indoles as well as molecular hydrogen. Phototrophic bacteria utilize 
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the end products of fermentative bacteria as carbon and electron sources. This consortium 
degrades organic matter into bacterial cells and CO%. 
In uncovered natural waters or livestock waste waters, purple and green 
phototrophic bacteria are found as major proportions of microbial population, especially in 
warm weather (Caumett, 1986; Siefert et al., 1978; Thauer, 1989). Several investigators 
have reported temporal changes in the pigmentation of the lagoons from pink to rose to 
brown (Thauer, 1989). These color changes are the result of changes in temperature and pH 
of the lagoon resulting in the selection of different species of photosynthetic bacteria. One 
commonly observed microbial event in anaerobic swine waste lagoons is the development 
of purple color and reduction of odor intensity level in late summer (Zahn et al., 2001). The 
color change is the result of a bloom in the population of photosynthetic bacteria and 
assumed to be responsible for the observed reduction in odors. The major purple 
photosynthetic bacteria responsible for purple water bloom and odor reduction were isolated 
from several anaerobic swine waste lagoons in central Iowa identified as Rhodobacter sp. 
PS9. 
New phototrophic bacteria, Rhodobacter sp.PS9, isolated from anaerobic swine 
waste lagoon most closely resembled Rb. azotoformans isolated from photosynthetic sludge 
for waste treatment systems in Japan (Hiraishi et al., 1996; Hiraishi et al., 1995). Both 
strains showed similar morphological and physiological characteristics including 
phototrophic pigments content and cellular fatty acids compositions as well as the habitats. 
Phylogenetic studies using 16S rRNA gene sequence confirmed the genetic differences 
between Rhodobacter sp. PS9 and Rb. azotoformans. Rhodobacter sp. PS9 also differed 
from Rb. azotoformans in the utilization of methanol and aromatics as carbon sources, but 
not lactic acid, malic acid, and fumaric acids. Rhodobacter sp. PS9 could be classified as a 
new species of purple nonsulfur phototrophic bacteria based on phenotypic, genetic, and 
physiological characteristics tested. Moreover, it was clear that Rhodobacter sp. PS9 is 
very well adapted to the lagoon environment, and could dominate the lagoon microflora 
under certain environmental conditions. To determine the environmental factors 
responsible for the photosynthetic bloom the following study was undertaken. 
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CHAPTER 5. MICROBIAL COMMUNITY STRUCTURE IN ANAEROBIC SWINE 
WASTE LAGOONS: ABUNDANCE OF DOMINANT PHOTOSYNTHETIC 
BACTERIA AND THEIR ROLE IN ODOR REMEDIATION 
Identification and quantitation of the complex microflora in environments such as 
anaerobic livestock waste lagoons are too complex to analyze by traditional identification 
and enumeration techniques. Wagner et al. (1993) illustrated this point by probing activated 
sludge with oligonucleotide specific probes and comparing his results to studies using 
culture-dependent methods (Pradasam and Dondero, 1967; Wagner et al., 1993). The result 
indicated the traditional isolation and identification systems presented a false picture of the 
microbial population. However, the application of rRNA-targeted oligonucleotide probes 
has provided a method for describing the community structure in complex ecosystems such 
as those found in anaerobic lagoon systems (Amann et al., 1990; Amann et al., 1992; 
DeLong, 1992; Devereux et al., 1992; Olsen et al., 1986; Pradasam and Dondero, 1967; 
Raskin et al., 1994; Stahl and Amann, 1991; Stahl et al., 1988; Wagner et al, 1993). 
We have modified procedures for quantitative extraction of both DNA and RNA 
from seasonal samples taken from anaerobic swine waste lagoons. Microbial population 
dynamics were monitored by using 16S rRNA probes specific to eubacteria (Eub338) and 
Rhodobacter sp. PS9 (Rhodo2). In addition, meteorological factors (water temperature and 
solar radiation), bacteriochlorophyll a concentration, and volatile organic compounds 
emission rate prior to and following the photosynthetic bloom were measured in anaerobic 
swine waste lagoon near Ogden, Iowa. 
Field Observations 
To investigate this temporal event the emissions of volatile organic compounds 
(VOC) prior to and following the photosynthetic blooms were monitored in 9 different 
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lagoons. The concentration of VOC was used to monitor for odor levels since it has been 
shown to be the only reliable predictor of odor intensity from swine production facilities 
(Hobbs et al., 1995; Jacobson et al., 1997; Zahn, 1997; Zahn et al., 2001; Zahn et al., 1997; 
Zahn et al, 2001). An example of the emissions of VOC before and following a 
photosynthetic bloom in an anaerobic swine waste lagoon in central Iowa is shown in figure 
5.1. A 93 to 98% reduction in the VOC was observed following the bloom. The results are 
consistent with the studies by Zahn et al. (Zahn et al., 2001) that showed that the emissions 
of VOC from photosynthetic lagoons are only a few percent of the emissions from non-
photosynthetic lagoons, or from other swine waste storage or treatment systems (Zahn et al., 
2001). On a 1 - 100% human response scale (see Materials and Methods) (Zahn et al., 
2001) the odor intensity level decreased from over 100% where the average character 
descriptors associated with the odor at or above 100% level include very bad, strong, 
powerful, sickening, astringent etc. to 3% where the average character descriptors include 
barely detectable, noticeable, barely present, slightly unpleasant, etc. (Zahn et al., 2001). 
Quantification of Rhodobacter sp. PS9 in Anaerobic Swine Waste Lagoons by 
Oligonucleotide Probe Hybridization 
Figure 5.2 illustrated the results obtained with oligonucleotide probes analysis of 
seasonal changes occurring in anaerobic swine waste lagoon in 1997. Using universal 
probe (Univl390), and oligonucleotide probes specific to Eubacteria (Eub338) and 
Rhodobacter sp. PS9 (Rhodo2), percent abundance of their 16S rDNA and 16S rRNA were 
determined. The concentration of 16S rDNA in lagoon samples generally increased with 
population size, whereas the concentration of 16S rRNA in a cell increased with growth 
rates as well as population size. Therefore, the photosynthetic bloom of Rhodobacter sp. 
PS9 was investigated in population density (16S rDNA) as well as phototrophic activity 
(16S rRNA). 
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Figure 5.1 Chromatographic profiles of airborne volatile organic compounds emitted from 
anaerobic swine waste lagoon (A) prior to (June 25th, 1997) and (B) following (October 1st, 
1997) the photosynthetic bloom. Compounds of interest include acetic acid (1), propionic 
acid (2), isobutyric acid (3), butyric acid (4), isovaleric acid (5), valeric acid (6), caproic 
acid (7), phenol (8), para-cresol (9), and 3-methyl indole (10). 
During a three month period from April to June, the contribution of Rhodobacter sp. 
PS9 16S rDNA to total community 16SrDNA was low in lagoon sample (around 0.3%) as 
well as 16S rRNA (around 0.8%). However, the abundance of Rhodobacter sp. PS9 16S 
rDNA and 16S rRNA increased to 9.56% ± 3.25% and 33.74% ± 11.88% respectively in 
October. Moreover, the relative abundance of Rhodobacter sp. PS9 16S rDNA and 16S 
rRNA compared to eubacterial community were boosted to 26.98% and 98.46%, 
respectively. The high relative abundance of Rhodobacter sp. PS9 was similar to the results 
obtained when Rhodobacter sphaeroides was inculated into artificial photobioreactors 
containing organic wastewater from human treatment plants (Izu et al., 2001). These results 
are also consistent with the results obtained from spectral comparison and community 
analysis using MIDI-FAME (Merrill, 1999) that the predominant phototrophic bacteria 
during photosynthetic blooming in anaerobic waste lagoon was Rhodobacter sp. PS9. 
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Figure 5.2 Relative abundance of Rhodobacter sp. PS9 (Rhodo2) 16S rDNAs (top) and 16S 
rRNAs (bottom) in liquid samples from anaerobic swine waste lagoons during 1997, 
showing percent abundance of eubacteria (Eub338; gray bar) and Rhodobacter sp. PS9 
(Rhodo2; white bar) over total community structure (Univl390), and Rhodobacter sp. PS9 
over eubacterial community (eub338) structure (*). 
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In addition to oligonucleotide hybridization, seasonal variations of the 
meteorological, biological and chemical factors were measured. Figure 5.3 illustrates 
seasonal lagoon air and water temperature (Fig. 5.3A and 5.3B), solar radiation (Fig. 5.3B), 
nitrate, nitrite, sulfate and phosphate ion concentrations (Fig. 5.3C), biomass (protein and 
dry weight) (Fig. 5.3A), wind speed, relative humidity, (Fig. 5.3D) and chlorophyll (Fig. 
5.3 A) changes prior to and following the photosynthetic bloom. Of the parameters 
monitored, the strongest correlation to the photosynthetic bloom was observed with water 
temperature. The results were consistent with random tests in all nine sampling lagoons and 
over 30 lagoons visited over a four year period where photosynthetic blooms only occurred 
when the lagoon water temperature reached 19 - 20°C. Bacteriochlorophyll a concentration 
also correlated with the contributions of Rhodobacter sp. PS9 16S rDNA and 16S rRNA, 
and supported the observation that the predominant phototrophic bacteria during purple 
photosynthetic blooming was Rhodobacter sp. PS9. 
Other environmental parameters which appeared important in whether an anaerobic 
swine waste lagoon was to bloom or not was organic loading. Organic loading was not a 
determining variable in the test lagoon (Fig. 5.3A); however, we have never observed 
photosynthetic blooms in lagoons with protein concentrations higher than one gram per 
liter. Unexpectedly, little correlation was observed with light intensity. As illustrated in 
figure 2, light was required for the bloom to occur, however, there was little correlation 
between solar radiation level and phototrophic activity (Fig. 5.3B). Optimal development of 
Rhodobacter sp. PS9 was observed at low light intensities during the fall months. 
Two unexpected results were the inverse relationships between the photosynthetic 
bloom and the concentration of sulfate and nitrate in the lagoon waters (Fig. 5.3C). The 
results implies a competition between sulfate reducing, nitrifying and phototrophic bacteria 
possibly for low molecular mass organic substrates. Unfortunately, the population of 
sulfate reducing and denitrifying bacteria were not monitored in this study. 
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Figure 5.3 Seasonal variations of the meteorological, biological and chemical factors in two 
stage anaerobic swine waste lagoons. (A) Bacteriochlorophyll (•: primary, •: secondary 
lagoon) and protein (e: primary, O: secondary lagoon) concentrations, and water 
temperature (•: primary, A: secondary lagoon). (B) Solar radiation (•), water temperature 
(•), and air temperature (•:lm,0:2m from the surface) in secondary lagoon. (C) 
Transition anions concentration (A: phosphate, O: fluoride, •: chloride, O: sulfate, •: 
nitrate) in secondary lagoon; nitrite ion was not detected. (D) Wind speed (•: 2 m, O: 1 m 
from the surface) and relative humidity (•;lm,0:2m from the surface). 
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Correlation of Photosynthetic Bloom to Emission Rate of Volatile Organic Compounds 
One commonly observed microbial event in anaerobic swine waste lagoon is the 
purple photosynthetic bloom and this color change is also correlated with odor reduction. 
To confirm this phenomenon, emission rates of volatile organic compound were monitored 
along with microbial population changes over an annual cycle. A comparison of the 
chromatographic profiles of volatile organic compounds in air samples collected from the 
anaerobic swine waste lagoon in late July and early October showed drastic differences in 
air concentrations of volatile organic compounds (Fig. 5.1). The difference between two 
chromatographic profiles also indicated the odor reduction during purple photosynthetic 
blooming in late summer. The concentrations of short chain fatty acids as well as aromatic 
compounds in environment odor pollutant in early October air sample was almost 90% 
lower that that of late July air sample. Moreover, photosynthetic bacterial population and 
activity were in highest point in October as described in previous section. 
Seasonal emission rate of volatile organic compounds including short chain fatty 
acids such as acetic acid, propionic acid, butyric acid, valeric acid, isovaleric acid, caproic 
acid, and isocaproic acid and aromatic compounds such as phenol, para-cresol, and 3-
methyl indole were measured, and correlated with phototrophic bacterial populations and 
activity variations (Fig. 5.4). Emission rate of volatile fatty acids and aromatic compounds 
were highest during August and September respectively; however, concentrations of these 
organic compounds decreased to 80% or 85% during the population size and activity 
uprising of Rhodobacter sp. PS9. Additionally, figure 5.4 showed typical diauxic growth of 
Rhodobacter sp. PS9; volatile short chain fatty acids being utilized first followed by the 
utilization of volatile aromatic carbon compounds. 
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Figure 5.4 Seasonal fluctuations of volatile fatty acids (A; acetic acid, propionic acid, 
butanoic acid, valeric acid, isovaleric acid, caproic acid, isocaproic acid) and aromatic 
carbon compounds (A; phenol, para-cresol, 3-methyl indole) emissions from anaerobic 
swine waste lagoons described in Materials and Methods, compared with percent abundance 
of Rhodobacter sp. PS9 16S rDNA (•) and 16S rRNA (•) over total community structure 
in liquid lagoon samples. Airborne volatile organic compounds were concentrated and 
desorbed by thermal desorption method as described in Materials and Methods. 
Discussion 
During the development of a chemical based monitoring systems to monitor odors 
from swine production facilities different types of waste management systems were 
monitored (DiSpirito et al., 1995; DiSpirito and Zahn, 1998; DiSpirito and Zahn, 1999; 
Zahn, 1997; Zahn et al., 2001 ; Zahn et al., 1997; Zahn et al., 2001). Based on the gas 
emission characteristics from swine production facilities, swine manure management 
systems could be classified into four types; type 1, confinement building with under-slat 
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storage, type 2, outdoor storage basin, type 3, lagoon system without photosynthetic bloom, 
and type 4, lagoon system with established phototrophic bacterial population 
(bacteriochlorophyll a concentrations above 40 nmol-ml"1) (Zahn et al., 2001). The total 
concentration of non-methane VOCs identified in the air from type 4 lagoon systems was 
approximately 20,1, and 3% of the concentrations of VOCs emitted from type 3 lagoon 
systems, type 2 basin systems, and type 1 storage systems, respectively (Zahn et al., 2001). 
Conversion of chemical emission data to a typical human response, the levels observed in 
type 4 system would be barely detectable and slightly to mildly unpleasant (Zahn et al., 
2001). In contrast to the response to air quality of type 4 systems, the calculated response to 
type 3 systems were bothersome to strong, and the calculated response to type 1 and 2 
systems were very unpleasant to astringent (Zahn et al., 2001). This study was undertaken 
to improve our understand the microbial, chemical, and physical parameters involved in the 
photosynthetic bloom event with the objective of manipulating microbial populations for 
odor control from swine production facilities. 
In this study nine anaerobic swine waste lagoons known to develop photosynthetic 
blooms were monitored periodically over a four year period and one lagoon intensively for 
one year. In addition, six anaerobic swine waste lagoons in which a photosynthetic lagoon 
had never been observed were also monitored periodically over a four year period. In the 
lagoons known to develop photosynthetic blooms, the temperature of the lagoon water 
appeared to be the main parameter. In all of the systems examined, the bloom was never 
observed before the lagoon water temperature reached 19°C. Light was also required for 
the bloom to occur under laboratory conditions. However, no correlation was observed 
between the intensity of solar radiation and population density of phototrophic bacteria. In 
addition to temperature, organic loading appeared to be a major determinant on whether a 
photosynthetic bloom would occur in an anaerobic swine waste lagoon or outdoor pit 
storage system. Photosynthetic blooms were never observed in outdoor waste storage 
systems if the organic loads exceeded 1 g of protein/liter. 
The microbial community structure prior to and during the photosynthetic bloom 
was complex. Based on chemical analysis of air and liquid samples as well as the 
population size of Rhodobacter sp. PS9 the following yearly sequence of events appears to 
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occur. As the lagoon thaws and the temperature increases to approximately 10°C the 
microbial population responsible for the generation of VOCs becomes active and the levels 
of VOCs increases. Based on hydrogen sulfide and methane emission rates (Zahn et al., 
2001), as well as the concentration of sulfate and nitrate in the lagoon waters, sulfate 
reducing bacteria, methanogens, and denitrifying bacteria appear to be the main bacterial 
groups utilizing the VOCs. During this period, the levels of sulfate and nitrate in the lagoon 
wasters are not detectable and the emission rates of methane and hydrogen sulfide are high 
(Zahn et al., ; Zahn et al., 2001). As temperatures increase above 20°C, the population 
levels of phototrophic bacteria in general, and Rhodobacter sp. PS9 in particular, increases 
rapidly and become the predominate microbial group in the lagoon systems. According to 
quantitative oligonucleotide probe hybridization study, Rhodobacter sp. PS9 increases its 
population size to 9.56% of total community and to 26.98% of the eubacterial community 
structure, as shown by the relative abundance of 16S rDNA. Estimation of Rhodobacter sp. 
PS9 activity level as indicated by relative abundance of 16S rRNA reached to 33.74% of the 
total community and surprising 98.46% of eubacterial community structure during the high 
of the bloom. During the bloom there was a corresponding decreased emissions rates of 
VOCs and an increased concentrations of sulfate and nitrite in the lagoon water. The 
corresponding increase in sulfate and nitrate with the increased population size of 
Rhodobacter sp. PS9 is interpreted as the preferential utilization of VOCs by phototrophic 
bacteria although these parameters were not monitored. 
56 
CHAPTER 6. CONCLUSION 
Summary of Results 
Primary goal of this study is to find economic and efficient odor reduction strategies 
in livestock waste management facilities. Several approaches have been developed to 
reduce the generation or release of malodorous volatile organic compounds, which can be 
classified as chemical, physical, and biological treatment systems (Al-Kanani et al., 1992; 
Dague, 1972; Miner, 1982; Ritter, 1981; Ritter, 1989). Of the three, biological methods 
(aerobic and anaerobic treatment systems) have proven to be the most versatile and 
economical approach to odor control. However, these methodologies still showed cost and 
space limitations. We have examined an alternative biological treatment method to 
decrease odor production or increase odor consumption in waste management systems. The 
production of malodorous compounds such as ammonia, hydrogen sulfide, volatile fatty 
acids, and aromatic carbon compounds are directly associated with the metabolic activities 
of several microbial consortiums, and also these malodorous compounds can be consumed 
by microorganisms as carbon or electron source (Bourque et al., 1987; Jacobson et al., 
1997; Ohta and Ikeda, 1978; Ohta and Sato, 1985). One microbial event assumed to be 
responsible for odor reduction in anaerobic swine waste lagoon is the development of purple 
water bloom (Siefert et al., 1978; Wenke and Vogt, 1981). This pigmentation change is the 
result of a bloom in the population of specific phototrophic bacterial group or species 
(Siefert et al., 1978; Wenke and Vogt, 1981), and this is distinct especially in anaerobic 
livestock waste lagoon systems. Unfortunately, very little is currently known in microbial 
community changes occurring in these systems. This study focused on the isolation of the 
major phototrophic bacteria responsible for the purple water bloom in anaerobic swine 
waste lagoons and the relationship for the bloom and emission of volatile organic 
compounds from these sites. In this study, nine photosynthetic anaerobic lagoons (Zahn et 
al., 2001) were monitored periodically during a four year period and one lagoon weekly for 
one year. 
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In order to examine or evaluate odor from livestock waste treatment systems, 
standard odor monitoring methods adaptable to laboratory work was developed based on 
chemical analysis method. Thermal desorption method using multibed combinations of 
absorbant resins Tenax TA and Carbopack C was efficient to trap and concentrate volatile 
organic compounds in the air (DiSpirito et al., 1995; Zahn et al., 1997). Short chain organic 
fatty acids, C2 through C9, and aromatic carbon compounds such as phenol, cresol, and 
indole in the odor pollutants were identified and then quantified by using thermal desorption 
methods combined with gas chromatography. Each of these compounds was also reported 
to have high percentages of perception values as urine or manure like smell by using 
olfactometer (Dravnieks, 1985). However, this method does not detect inorganic 
compounds such as ammonia and hydrogen sulfide. Although ammonia and hydrogen 
sulfide are considered as a serious odor causing chemicals, the correlation of ammonia to 
odor intensity could not be generally applied to all swine farms (Hobbs et al., 1995; Schulte 
et al., 1985), and hydrogen sulfide concentration was poorly correlated to odor intensity 
(Jacobson et al., 1997). 
Thermal desorption methodology allowed us to measure emission and transport rates 
of volatile organic compounds (Zahn et al., 1997), and chemical composition data obtained 
from this new methodology made it possible to correlate human olfactory response to 
volatile organic compounds concentration in the air (Zahn et al, 2001). In volatile organic 
emission study, short chain fatty acids (C2 to C7) were identified as representative airborne 
odor pollutants because of their high concentration in the air, high transport efficiency, and 
low odor threshold values, whereas aromatic carbon compounds including phenol, para-
cresol, indole, and 3-methyl indole have low transport efficiency values in despite of their 
low odor threshold values (Zahn et al., 1997). Additionally, concentrations of short chain 
fatty acids (especially, acetic acid and heptanoic acid) in artificial odor pollutant mixture 
showed a statistically significant effect on subject's odor intensity ratings. Relative 
increases in the amount of acetic acid tended to increase subject's ratings of the odor 
intensity significantly (Zahn et al., 2001). 
Chemical composition of airborne volatile organic compounds was established with 
thermal desorption methodology, and concentrations of airborne volatile organic 
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compounds were monitored seasonally along with meteorological, chemical and biological 
factors within anaerobic swine waste lagoons. Seasonal variations of airborne volatile 
organic compounds profile showed dramatic decrease in concentration during purple 
photosynthetic bacterial bloom in anaerobic swine waste lagoons. These results indicated a 
potential relationship between the microbial community structure and the variations in 
concentration of malodorous volatile organic compounds within anaerobic swine waste 
lagoon systems. In this study we isolated and characterized the anoxygenic phototrophic 
bacteria known to develop purple water bloom. In contrast to oxygenic photosynthesis of 
plant and algae, anoxygenic photosynthesis depend upon exogenous substrate such as 
hydrogen sulfide, hydrogen, and organic compounds such as volatile fatty acids and 
aromatic carbon compounds to provide the reducing equivalents and carbon (Gibson and 
Harwood, 1995; Imhoff, 1995). 
The major purple phototrophic bacteria responsible for odor reduction was isolated 
from several anaerobic swine waste lagoons. The isolated strain of genus Rhodobacter 
(Rhodobacter sp. PS9) of purple nonsulfur phototrophic bacteria is able to grow 
photoheterotrophically on malodorous volatile organic compounds including short chain 
fatty acids (butyric acid, valeric acid, caproic acid, and heptanoic acid) and aromatic carbon 
compounds (phenol, para-cresol, and skatol). Based on the 16S rRNA gene sequence data, 
we designed oligonucleotide probe specific to Rhodobacter sp. PS9, and monitored 
microbial population structure changes prior to and following purple photosynthetic bloom. 
According to quantitative oligonucleotide probe hybridization study, Rhodobacter 
sp. PS9 dominated the phototrophic bacterial population (about 34% of total eubacterial 
community structure) during the purple bloom in October in 1997, and also showed a 93 to 
98% reduction in the volatile fatty acids and a 45 to 90% reduction of aromatic carbon 
compounds concentrations in the air. Meteorological conditions, physical, and chemical 
parameters prior to and following the photosynthetic bloom were also monitored. Optimal 
photosynthetic activity in all tested lagoons was observed when water temperature increased 
above 19°C. Although no significant relationship was observed between solar radiation and 
photosynthetic bloom; phototrophic bacterial population density was increased in low solar 
radiation level in October, laboratory studies demonstrated light was required for the bloom 
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to occur. Total organic contents also showed correlation to phototrophic bacterial bloom; 
when photosynthetic bloom occurred, total organic contents and volatile solids loading rate 
was low (about 20% of the rate in prior to the bloom) in comparison with nonphotosynthetic 
lagoons and other storage systems such as indoor or outdoor pit (Zahn et al., 2001). 
Odor Remediation by Using Indigenous Phototrophic Bacteria 
Total production rate of malodorous compounds from livestock waste reflects the 
difference in microbial community structures within, and one probable reason for the 
decrease in odor intensity level is the balance between odor producing and odor consuming 
microbial community structure. The objective of this study is to increase the populations of 
odor consuming bacteria in swine waste storage systems by increasing the populations of 
indigenous microorganism(s) or via stable inoculations. Previous attempt to increase the 
degradation rates of volatile organic compounds by isolation and subsequent inoculation of 
degradative microorganisms have yielded few positive results (Bourque et al., 1987). 
Although success have been reported in the biodégradation of organic compounds in field 
studies when species capable of oxidizing target compounds in laboratory culture are added 
to natural environments, the number of failures far exceed the success. The low percentage 
of success can be traced to erroneous assumptions by investigators, inability of the 
introduced bacterium to compete with the indigenous populations, as well as to problems 
with the system. For example, the capacity of a microorganism to grow using a particular 
substrate does not mean that inoculation of that organism into a natural environment will 
cause biodégradation of the target compounds. The ability to metabolize the specific 
chemical is necessary, but not a sufficient condition for the organism to effect the 
transformation. Goldstein et al. (Goldstein et al., 1985) have identified several reasons for 
the failure of such an inocula to do in nature what they can do in axenic culture. "The 
reasons include; (i) the concentration of the compounds in nature may be too low to support 
growth of the inoculated species, (ii) the natural environment may contain substances 
inhibiting growth or activity of the added organism, (iii) the growth rate of the organism on 
60 
the low ambient concentration of chemical of interest may be slower than the rate of 
prédation, (iv) the added bacterium may use other organic or inorganic substrates in the 
natural environment rather than the pollutant whose destruction is desired." Classical 
enrichment techniques using high concentration of target compounds and selecting 
microorganisms based on degradation rates often eliminate the dominant and best adapted 
group(s) for use in biodégradation processes (DiSpirito et al., 1992). 
Photosynthetic bloom associated with odor reduction was very attractive 
phenomenon, and many producers have tried to induce a bloom by inoculating purple 
lagoon water to non-photosynthetic lagoon. However, the results varied dramatically from 
site to site because of the poor knowledge of physical, chemical, and microbiological 
processes that induce and maintain the bloom. In our effort to extend temporal purple 
photosynthetic bloom, natural environmental parameters as well as microbial community 
structure were investigated intensively for one year and periodically over a four year. This 
study provided first basic ideas of how to manipulate and maintain the purple 
photosynthetic bloom in anaerobic swine waste lagoon. 
Purple phototrophic population density increased during purple water bloom, and a 
new strain of purple phototrophic bacteria, Rhodobacter sp. PS9 dominated microbial 
community structures during the blooming. In addition, field monitoring confirmed above 
preliminary laboratory data that photosynthetic purple bloom only occurred when water 
temperature was above 19°C. Although quality light is necessary for anoxygenic 
photosynthesis, there was no significant correlation with solar radiation intensity. Other 
parameters including wind speed and relative humidity showed little effect on either 
emission rate of volatile organic compounds or phototrophic bacterial bloom. Also, pH 
value of all anaerobic swine lagoons known to develop purple photosynthetic bloom was 
maintained at neutral condition (around pH 7.3) during the year. 
In this study, we provided evidence that chemical profiles of airborne odor pollutant 
reflects unique microbial community structures within anaerobic swine waste lagoon 
systems, and made first step into the odor control strategy using indigenous phototrophic 
bacterial community. 
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APPENDIX A. CHARACTERIZATION OF VOLATILE ORGANIC EMISSIONS 
AND WASTES FROM A SWINE PRODUCTION FACILITY 
A paper published in the Journal of Environmental Quality1 
J.A. Zahn, J.L. Hatfield, Y.S. Do, A.A. DiSpirito, O.A. Laird, and R.L. Pfeiffer 
ABSTRACT 
Analytical methods for monitoring the volatile organic compound (VOC) emissions, 
for defining atmospheric transport coefficients, and for monitoring solution phase chemistry 
have been developed to define processes regulating emission of malodorous and other 
VOCs from a high odor swine production facility. Of the 40 organic compounds identified 
in liquid and outdoor air samples from the swine production facility, 27 VOCs were 
confirmed to contribute to decreased air quality in the vicinity of the facility. Specifically, 
C2 through C9 organic acids demonstrated the greatest potential for decreased air quality, 
since these compounds exhibited the highest transport coefficients and highest airborne 
concentrations. Flux measurements suggested that the total rate of non-methane VOC 
emissions from the deep basin swine waste storage system was 500 to 5700-fold greater 
than established non-methane VOC fluxes from non-anthropogenic sources. The 
volatilization rate of malodorous and other VOCs from the stored swine waste was 
positively correlated with wind velocity between 0.2 and 9.4 m/sec., and a maximum 
concentration of VOCs present in the air was observed to occur at a wind velocity of 3.6 
m/sec. Experimental Henry's law coefficients adequately predicted the transport efficiency 
observed for some of the VOC emissions measured from air samples taken at 0, 25, and 100 
meters from the swine waste storage basin. However, results indicated that laboratory-
based extraction procedures, currently used to estimate malodor potential for swine slurry 
1 Reprinted with permission of J. of Environmental Quality, 1997,26, 1687-1696. 
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samples, provide an inaccurate representation of malodorous and other airborne VOCs 
actually present in the air near swine production facilities. 
INTRODUCTION 
Anaerobic processing of livestock wastes results in the production of malodorous 
products (i.e., hydrogen sulfide, acids, ammonia, phenols, cresols, and indoles) that 
potentially contribute to contamination of the atmosphere, surface water, and ground water 
around livestock production facilities. The recent trend towards the commercialization of 
livestock production facilities throughout the United States has increased the concern by the 
general public and governmental agencies for water and air quality issues in the vicinity of 
livestock production facilities (Letson and Gollehon, 1996 and Anthan, 1996). 
More than 75% of the swine production systems in United States store and process 
swine wastes anaerobically (Safley et al., 1992) due to the greater economical feasibility 
(Sievers and Iannotti, 1982) and the extremely high biological oxygen demand (Sievers and 
Iannotti, 1982 and Kobayashi and Kobayashi, 1995). Currently, the most common 
anaerobic storage and anaerobic processing systems for swine manure are lagoons, deep 
basins, and sub-confinement pits (Iowa DNR, personal communication). Anaerobic 
processing of monomeric, oligomeric and polymeric compounds, present in the excrement 
of animals, is catalyzed by a phylogenically and metabolically diverse group of obligate and 
facultative anaerobic organisms belonging to the kingdoms Archaea and Bacteria (Brock 
and Madigan, 1991) (Fig. A.l). Both organic and inorganic compounds from swine waste 
may enter surface and ground water through surface runoff and seepage (Ritter and 
Chimside, 1990), and gaseous and semivolatile organic and inorganic emissions may enter 
the atmosphere through poorly understood volatilization mechanisms (Miner, 1982). 
Recently there has been a concerted effort to address the malodor and environmental 
problems associated with livestock waste through quantitative and qualitative chemical 
characterization of organic and inorganic components in swine manure (Du Toit, 1987; 
Hammond, 1989; Ritter, 1989; Yu et al., 1991; Spoelstra, 1980; and Yasuhara et al., 1984). 
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In a comprehensive study, Yasuhara et al. (1984) identified approximately 50 organic 
compounds present in fresh and rotten swine manure by a tedious vacuum distillation 
extraction procedure, followed by separation and identification using GC/MS. The study 
suggested that organic acids, phenols, and indoles were responsible for the characteristic 
swine odor based on the high concentrations of these analytes present in liquid swine waste 
samples. These reports assume that the major chemical constituents present in liquid and 
solid phase of animal waste volatilize and transport in the atmosphere at rates proportional 
to the concentrations of analytes present in liquid stored waste. However, Hobbs et al. 
(1995) showed that the concentration of malodorous compounds extracted from swine 
manure was highly dependent on the extraction procedure. A comparison of swine manure 
extracted by organic solvents or by purging with air gave different chemical profiles and 
suggested that solution-phase concentration of malodorous compounds may show little 
relationship to the concentration of compounds actually present in the air (Hobbs et al., 
1995). 
Development of techniques to measure air-phase emissions from swine and other 
livestock production facilities has been hindered by the wide range of physical and chemical 
properties of atmospheric emissions and the extremely low concentrations of these 
compounds in air. As a result, dynamic dilution olfactometry, which uses the human nose 
as the detector, has remained the standard method of odor analysis for air-phase livestock 
odor samples (Bundy et al., 1993 and Bundy et al., 1996). Unfortunately, data generated by 
olfactometric methods is highly subjective due to the use of human panelists, expensive 
($200 -$2000/sample), and is of little use in elucidating the fundamental biological and/or 
chemical mechanisms associated with the generation of malodorous and other volatile 
organic compounds. Although the human organoleptic response remains an essential tool in 
livestock odor research, basic research focused on the development of reliable, objective 
analytical methods to monitor atmospheric emissions from swine production facilities is 
needed. 
This report documents analytical techniques for quantification of both organic and 
inorganic chemical constituents of anaerobically processed swine waste and quantification 
of volatile organic compounds in emissions from a swine production facility. The major 
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underlying objective of this study was to relate differences in the chemistry of the slurry, 
sludge, and atmospheric phases to physical, chemical, and biological processes occurring in 
these phases. The assessment and control of human and environmental impacts mitigated 
by swine production facilities is dependent upon the ability to recoginze and respond to 
these processes. 
MATERIALS AND METHODS 
Description of Swine Waste Storage Basin and Placement of Air Monitoring 
Equipment 
Samples were collected at a feeder to finish swine production farm with an annual 
production of 3550 hogs. A single slurry storage basin constructed of concrete and 
measuring 24.4 meters in diameter and 2.44 meters deep was monitored during July. The 
top of the slurry storage basin was 0.6 meters above ground level with the remaining depth 
below ground level. Waste from approximately 1230 animals (45 - 80 kg) was collected 
once daily from under the slotted flooring of the confinement facility by a mechanical 
scraper and transferred into a slurry storage basin through a 23 meter poly vinylchloride pipe 
(diameter 20.3 cm). A minimum amount of water (<380 liters/daily) and urine was used to 
wash the solids into the slurry storage basin. At the time of sampling, the storage basin was 
at approximately 3/4 of the maximum storage capacity. The topography surrounding the 
confinement and storage basin was level. A soybean crop (height <0.6 meters) was planted 
within 1 meter of the confinement and storage basin and continued to the boundary of the 
sampling area. Meteorological conditions (wind speed, solar radiation, relative humidity, 
air temperature and wind direction) were monitored continuously by an integrated weather 
station (Sauer and Hatfield, 1994). Air sampling equipment was placed down wind from 
the storage basin at a height of 1.8 meters above ground level at 0, 25, and 100 meters from 
the source. Additional air samples were collected upwind, laterally, and at various heights 
from the storage basin to assure the absence of VOCs in air not exposed to the basin and to 
estimate cross-sectional dispersion area of the VOCs. 
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Capture and Analysis of Volatile Organic Compounds from the Air 
Two methods were used for collection and analysis of volatile organic compounds 
present in the air. Both methods employed a multibed combination of Tenax TA and 
Carbotrap C or Carboxen-569 (Supelco, Bellefonte, PA) at ambient temperatures to 
minimize breakthrough of the volatile organic compounds. Tenax TA was packed as the 
first resin in the flow path of incoming air. Packed tubes were thermally conditioned for 1 
hour at 230° C using a Dynatherm six tube conditioner (Supelco, Bellfonte, PA) for 0.6 x 
11.5 cm O.D. tubes or a home-made tube conditioning device for larger tubes. Nitrogen 
flow was maintained at 20 ml/min. for individual tubes during thermal conditioning. 
Method 1. Thermal desorption tube samples were collected in the field simultaneously at 
different distances from the source using three model 1063 sequential samplers (Supelco, 
Bellefonte, PA). Sufficient FID response was achieved after passing approximately 35 to 
50 liters of air at a flow of 0.70 1/min. through the thermal desorption tube. Extreme care 
was taken to exclude all types of tubing in the flow path prior to the thermal desorption tube 
since several compounds were observed to condense on the tubing wall of glass and 
polymeric materials. After sampling, tubes were removed from the sequential sampler, 
sealed in glass storage tubes, transported to the laboratory on ice, and stored at -20°C until 
processing and/or analysis. As previously noted by Odam et al. (1986), samples on thermal 
desorption tubes could be stored at minus 20° C for up to 2 months with little or no 
decomposition of analytes. Chemical analysis of trapped analytes on the thermal desorption 
tubes was performed using a Dynatherm model 890 thermal desorber coupled to a 
Tremetrics Model 9001 gas chromatograph equipped with a flame ionization detector. 
Tubes were desorbed at 260° C for 3 minutes at a carrier flow rate of 2.2 ml/min. Analytes 
were transferred from the desorber oven to a PTE-5 column (0.25mm x 30m) (Supelco, 
Bellefonte, PA) through a nickel transfer line heated at 240° C. Analytes were adequately 
focused on the front of the column using an initial oven temperature of 40° C. The oven 
temperature was increased at a rate of 12° C/min. to a final temperature of 260° C. 
Chemical identity was based on retention times of authentic chemical standards purchased 
from Aldrich Chemical Co. (Milwaukee, WI) and confirmed by mass spectrometry 
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according to method 2. GC-MS was performed on analytes desorbed from absorbent 
materialising a Hewlett Packard Model 7680T Super-Critical Fluid Extractor into a final 
volume of methanol less than 0.5 ml. Desorbed analytes were separated and analyzed on a 
Hewlett Packard Model 5890 series II Gas chromatograph coupled to a Hewlett Packard 
Model 5989A Mass Spectrometer using either a 30 m x 0.25 mm PTE-5 column at a flow 
rate of 2 ml/min. or a 30 m x 0.25 mm Innowax Cross-linked PEG column at a flow rate of 
2 ml/min. MS conditions were as follows: electron multiplier voltage, 2700 V; ion source 
pressure, 6 - 8 x 10"6 torr; ion source temp., 250° C; mass filter temp., 110° C; scan range, 
30 - 240 m/z; scan speed, 2.4 sec/scan. 
Method 2. Samples were collected simultaneously in the field using three Buck IH 
sampling pumps in the vacuum mode and fitted with 6 ml glass SPE tubes packed with 0.6 
g Tenax TA and 0.6 g Carbotrap C or Carboxen 569. Flow rates were maintained at 0.70 
1/min. for approximately three hours. After sampling, tubes were removed from the pumps, 
sealed with parafilm, and stored on ice prior to desorption and analysis. Analytes were 
desorbed from the resin using a Hewlett Packard Model 7680T Supercritical Fluid Extractor 
into a final volume of methanol less than 0.5 ml. Extracted analytes were separated and 
analyzed on a Hewlett Packard Model 5890 series II Gas Chromatograph coupled to a 
Hewlett Packard Model 5989A Mass Spectrometer using either a 30m x 0.25 PTE-5 column 
at a flow rate of 2 ml/min. and according to instrument parameters discussed above or a 
30m x 0.25mm Innowax Cross-linked PEG column at a flow rate of 2 ml/min. Program 
parameters for the Innowax column were as follows: rate = 10° C/min., initial temp. = 100° 
C, final temp. = 230° C, initial time = 2.5 min., final time = 1 min., injector and detector 
temp. = 240° C. The chemical identity of unknowns was determined by comparison of 
retention times to authentic standards and was confirmed by electron impact ionization (EI) 
mass spectrometry. 
Flux rate measurements were based on a modification of the Theoretical -Profile-
Shape method for determining evaporative fluxes (Majewski, 1990). Measurements were 
based on the individual and total concentration of airborne analytes present at the source 
and micrometerological data collected on weather stations described above. A lateral and 
vertical concentration gradient of the VOC emissions was established at the source based on 
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actual VOC concentration measurements taken at a total of three vertical and horizontal 
locations across the emission plane at 0 meters from the source. VOC measurements 
indicated that emissions traveled away from the source as a spatially-defined plume. The 
cross sectional area of emission plume remained essentially constant for wind velocities 
between 0.5 and 9 m/sec. 
Physical and Chemical Characterization of Stored Waste in the Slurry Basin 
Qualitative and quantitative chemical analysis of organics present in slurry samples 
was performed by heated (60° C) head space analysis and solution phase analysis using 
solid phase microextraction or with diethyl ether as previously described by Hobbs et al. 
(1995). Solid phase microextraction was performed using 65p,m carbowax/divinylbenzene 
coated fibers. SPME of undiluted slurry samples was performed at 30° C for the liquid 
phase and 55° C for the gas phase. Chemical equilibrium was achieved in 5 minutes for 
liquid phase extraction and 30 minutes for gas phase extraction. Concentration of organic 
compounds present in the slurry sample was determined by addition of internal standards. 
The relative gas-phase equilibrium concentration of analytes was determined by the ratio of 
calibration curve slopes for serial diluted solutions of 14 individual pure compounds 
extracted by headspace or solution phase techniques (slope SPME gas / slope SPME liquid). 
The standard mixture consisted of serial dilutions of a 1 mM solution of 14 analytes listed in 
Table A.2. Extracted samples were analyzed on a Hewlett Packard Model 5890 series II 
Gas Chromatograph coupled to a Hewlett Packard Model 5989A Mass Spectrometer using a 
30m x 0.25mm Innowax Cross-linked PEG column according to instrument parameters 
discussed above. Percent carbon, nitrogen, and hydrogen was determined on oven (60° C) 
dried slurry samples using a Model 2100 Perkin Elmer CHN analyzer. Percent values were 
converted to g/1 values based on solids content. Analysis of main-group elements and 
transition metal cations was performed on microwave digested (method SW 846-3015, 
CEM Corp., 1996) slurry samples using a Thermo Jarrel Ash Model ICAP 61E Inductively 
Coupled Plasma-Atomic Emission Spectrometer. The pH values for slurry samples were an 
average from six individual pH measurements taken at different locations in the slurry basin 
with a portable pH/Temperature meter. 
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RESULTS AND DISCUSSION 
Physical and Chemical Characterization of Stored Waste in the Slurry Basin 
Physical and chemical properties of the slurry basin samples are listed in Table A. 1. 
Characteristics of swine manures have been described previously by several investigators 
(Pearce, 1975; Chang et al., 1975; and Lindley, 1982). With the exception of the 
concentrations of main-group elements and transition metal ions, the characteristics of 
swine manures analyzed for this site fall within the range of previously reported values. 
The large discrepancies in the concentrations of metal and non-metal ions reported for these 
samples compared to Pearce (1975) are most likely accounted for by improvements in the 
methodology and analytical capabilities rather than differences in swine manure 
composition. The microwave digestion procedure was found to completely dissolve non-
homogenous samples and therefore eliminated analyte losses associated with centrifugation 
steps designed to remove particulate matter prior to analysis. Inductively-coupled plasma 
atomic emission (ICP-AES) spectroscopy was found superior to titration methods since 
difficult matrix interference and masking problems were eliminated. 
Iron, copper, and zinc were observed to partition preferentially into the organic 
sludge phase present at the bottom of the swine slurry basin, while sodium and potassium 
and to a lesser extent calcium and phosphorus, were found at similar concentrations in either 
phase. The higher organic content present in the sludge phase may account for the 
approximate four-fold increase in the concentration of transition metals, because these 
metals readily complex with organic ligands (Block and Zubieta, 1994; Ottersen et al., 
1974; and Cervantes and Corona, 1994). The organic content (C+N+H) of the slurry 
samples was approximately 50% of sample dry weight, and the inorganic constitutents listed 
in Table A.l account for about 15% of the sample dry weight. Based on values from 
previous studies (Japenga and Harmsen, 1990, and Lindley, 1982), chloride and oxygen are 
expected to account for a large percentage of the remaining dry weight fraction. 
Swine waste storage systems have been shown to adversely impact ground water 
quality due to unintentional seepage through clay or earthen liners (Ciravolo et al., 1979 and 
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Ritter and Chirnside, 1990). Ammonia, nitrate, dissolved solids, and chloride 
concentrations have been monitored as indicators of ground water quality near livestock 
production facilities. Ritter and Chirnside (1990) noted that the highest level of subsurface 
water contamination was found to occur with manure storage systems built on loamy sand 
soil (excessively well drained). Although sodium, potassium, calcium, and phosphorus 
levels have not been monitored in previous water quality studies, high concentrations of 
these elements in swine waste coupled with the tendency of these elements to partition into 
the mobile aqueous phase suggest that they may contribute to decreased surface and 
subsurface water quality near production facilities built on well drained soils or those using 
high land application rates. Additionally, the results suggest that sodium, potassium, 
calcium and phosphorus may serve as "tracer" ions to evaluate potential seepage of stored 
waste into subsurface water. 
A comparison of the concentration of organic compounds extracted by diethyl ether, 
headspace solid phase microextraction (SPME), or aqueous-phase SPME from a slurry 
basin sample is shown in Table A.2. While no single method was observed to extract all 
organic compounds present in the swine manure sample, data indicate that SPME is a more 
rapid and efficient alternative to extraction with organic solvents for analysis of organics in 
manure. A relative comparison of the gas-phase equilibrium concentration of 14 
compounds present in the swine manure sample was determined using a serial diluted 
mixture of pure compounds (Table A.2). Although the adsorption efficiency differs for 
SPME vapor-phase and aqueous phase techniques (Zhang et al., 1996), a comparison based 
on calibration curve slopes ( slope SPME vapor phase / slope SPME liquid phase) gives an 
estimate of the relative partitioning behavior of the compound that is independent of 
adsorption efficiency. The estimated gas-phase equilibrium concentration or 
experimentally-derived Henry's law constant is associated with the solubility, 
hydrophobicity, and vapor pressure characteristics of the compound (Weast and Astle. 
1992). Once defined, the Henry's law constant may be utilized to predict the equilibrium 
partitioning behavior of the compound between the solution and gas phase. A comparison 
of analyte concentrations in the slurry sample and the relative gas equilibrium concentration 
of the compounds (Table A.2) to actual concentrations of airborne VOCs present near the 
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waste storage basin (Table A.3) suggests that the Henry's law parameter is useful in 
predicting emission behavior of individual compounds. In general, many compounds 
demonstrating high relative gas-phase equilibrium concentration and high solution phase 
concentration were present in air samples as major constituents. There are two evident 
exceptions to this trend. First, several organic compounds were consistently present in air 
samples but were never detected in solution phase samples. Conversely, several compounds 
present as major constituents in slurry samples were never detected in air samples. 
Interestingly, several compounds (i.e., butanol, butylated hydroxytoluene, trimethyl 
dihydroindene) present in air samples and not detected in slurry samples appear to be 
structural derivatives of compounds present in liquid swine manure. The presence of 
halogenated aliphatic hydrocarbons was consistently observed in air samples and is thought 
to be associated with brominated and chlorinated cleaners and disinfectants commonly used 
in swine production. 
Atmospheric Transport Measurements for Volatile Organic Compounds 
Atmospheric transport and dispersion of volatile organic emissions from the slurry 
storage basin was monitored simultaneously at distances of 0, 25, and 100 meters from the 
source. Six experiments were conducted on five separate occasions in July with the average 
wind speed, total VOC flux rate, and total VOC air concentration for the sampling period 
shown in Figure A.2. Although the slurry basin was observed to be the major source of 
VOC emissions for the month of July (72% of total emissions), sampling bias in the choice 
of wind direction was utilized to prevent the sampling of emissions from the confinement 
building. In addition to differences in emission rate, the slurry basin showed considerably 
higher (81%) emission rates for C2 through C9 organic acids in comparsion to the 
confinement building. Wind speed and temperature averages for the experiments ranged 
between 0.2m/sec. and 9.4m/sec. and 25.5° and 32.8°C. A maximum concentration of 
VOCs in the air occurred at a wind velocity of 3.6 m/sec (Fig. A.2). Two measurements, 
taken at wind velocities greater than 3.6 m/sec., showed lower concentrations of airborne 
VOCs. However, the total flux rates for VOCs show a 1.3 and 1.6-fold increase over flux 
rates determined at 3.6 m/sec. for the measurements taken at wind velocities of 6.3 m/sec. 
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and 9.4 m/sec., respectively (Fig. A.2, Table A.4). The increased flux rates associated with 
the higher wind velocities may result from wind stripping or evaporative transfer caused by 
increased wind speed. Although flux rates were higher for wind velocities exceeding 3.6 
m/sec., the concentration of VOCs present in the air were lower and apparently due to 
increased dilution rates. 
Figure A.3 and Table A.3 show the GC/MS chromatograms, identities, and 
concentrations of airborne VOC emissions collected simultaneously at 0 and 100 meters 
from the slurry basin. In addition to the 23 major components quantitated in this study, 
more than 25 additional peaks were present on chromatograms, but were either below levels 
required for qualitative analysis by mass spectroscopy or did not match to EI mass spectra 
of compounds present in the data base. Current efforts are focused on increasing the 
analytical sensitivity of the methods in order to provide for enhanced qualitative resolution 
of chromatograms. Although the 23 major airborne components represented great diversity 
in physical and chemical properties, a large proportion were low molecular weight organic 
acids, alcohols, or aromatic compounds with a boiling point range from 99.5° (butanol) to 
293° C (2-amino acetophenone). Since the vapor pressures for a number of the compounds 
listed in Table A.3 are quite low (< 1 kPa at 25° C), it is assumed that many of these 
semivolatile compounds are present and transport from the source in largely a particulate or 
colloidal form. 
Emission of VOCs from livestock production facilities represents a significant 
economical and environmental problem facing modern agriculture. Since little is known 
concerning the control of the basic biological reactions producing malodorous VOCs, odor 
control efforts are largely focused on dilution of livestock emissions into the atmosphere. In 
order to reduce the negative human impacts of these emissions, subjective industry 
guidelines based on dispersion modeling and past performance have been adopted for the 
design and distancing of new swine production facilities (Levi and Matthews, 1977). In a 
recent dispersion model based on olfactometric methods, Li et al. (1994) calculated odor 
emission rates of a swine slurry basin from a 200 sow operation at wind velocities greater 
than 3.6 m/sec. The model, based on data collected to a maximum of 500 meters from the 
source, predicted that detectable odors were present as far as 3.1 km from the slurry basin. 
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However, since only the odor threshold was analyzed in this study, the model assumed that 
emissions traveled as a chemically homogenous "plume" and that a direct proportionality 
existed between the concentration of malodorous VOCs responsible for the odor and the 
relative distance from the source. Results presented in this study indicate that the chemical 
composition of the emissions changes significantly upon dispersion into the atmosphere. 
Although a linear relationship was observed between the concentration and distance for 
some of the compounds identified, the wide range of transfer efficiencies (7%-100%) 
emphasize the lack of homogeneity in the chemical and physical properties of emissions 
(Table A.5). The use of olfactometry for dispersion modeling of swine odor is associated 
with at least two serious limitations. First, not all olfactory psychophysical scaling data 
yield a linear relationship between magnitude of stimulus and magnitude of sensation. For 
example, Cain (1974) and Engen (1961) reported that odor intensities for a number of 
organic compounds departed from psychophysical law at low odorant concentrations. They 
concluded that dynamic dilution olfactometry does not produce a universal, unidimensional 
scale for all odorants. Therefore, it is neither useful nor appropriate to model odor 
dispersion based on extrapolated sensory evaluation data, especially if the odorant consists 
of a complex mixture of compounds, as with livestock odors. Secondly, there has been no 
attempt to establish a relationship between the olfactory quality of any substance and its 
physicochemical properties (Turk and Hyman, 1991). As a result, an accurate assessment 
of the differences in odor quality with respect to distance from the source is unlikely. 
Progress in establishing reliable dispersion models for livestock waste will most likely 
require a combination of direct analytical methods and dynamic dilution olfactometry. 
Indole and 3-methyl indole were rarely detected in the airborne emissions from the 
slurry basin. This observation was unexpected since these compounds have previously been 
associated with the malodor of swine waste (Spoelstra, 1980, and Yasuhara et al., 1984) and 
were present at high concentrations in the slurry (Table A.2). As previously noted, several 
compounds, including trimethyl dihydroindene and butylated hydroxytoluene, were present 
in air samples but never detected in slurry samples. Therefore, it is possible that trimethyl 
dihydroindene and butylated hydroxytoluene, as well as a number of other compounds, are 
products from the biological or chemical transformation of 3-methyl indole and indole, 
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possibly occurring at the air/solution interface. In general, several aromatic compounds that 
were present at high concentrations in the stored waste were associated with among the 
lowest relative gas-phase equilibrium concentrations and transfer efficiencies (Tables A.2 
and A.5). Although the factors responsible for decreased atmospheric transfer efficiency 
have not been completely characterized, it appears that the Henry's law parameter for 
individual compounds, and environmental conditions (i.e., wind velocity and temperature) 
contribute substantially to atmospheric transport of malodorous and other VOCs from the 
source. Factors affecting emission rate of malodorous and other VOCs from the storage 
basin are more complex and may include transport efficiency parameters, differences in 
microbiological populations and activities, and physical parameters such as loading and gas 
(CH4, N2O, N2, H2S, CO2) flux rate. While methane production is often positively 
correlated with digester performance (Hill and Bolte, 1989), excessive gas production for 
storage systems open to the atmosphere is undesirable since methane is a greenhouse gas 
(Jones and Nedwell, 1993) and the purging of manure by gases leads to increased flux rates 
of malodorous and other VOCs. These results, in conjunction with published odor 
threshold values (Table A.5), suggest that C2 through C9 organic acids represent a large 
proportion of the malodor associated with swine emissions released into the atmosphere. 
Evaluation of Air Sampling Methodology 
The objective of air sampling conducted in these experiments was consolidation of 
all gaseous and semivolatile compounds present in the emissions from the swine slurry 
basin within a single sample. Adsorption of gaseous and semivolatile compounds on to a 
chemically inert absorbent such as Tenax TA is a dynamic process regulated mainly by 
chemical and physical properties of the compounds being trapped (Wight, 1994). Highly 
volatile compounds with low boiling points (i.e., hydrogen sulfide and dimethyl disulfude) 
require the use of strong adsorbents such as carbon molecular sieves for efficient capture. 
On the other hand, semi-volatile compounds require the use of weak adsorbents such as 
graphite-based adsorbents (Carbotrap) or polymeric adsorbents (Tenax TA) to facilitate 
subsequent release of the absorbate from the absorbent for analysis. Therefore, the use of a 
single adsorbent will never provide for the capture and subsequent release of all malodorous 
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and other VOCs present in air samples. As a result, either a compromise must be made in 
the choice of adsorbent utilized in the experiments or several adsorbents must be used 
simultaneously. Breakthrough experiments employing Tenax TA and Carbotrap C as 
backup resins in the flow path behind the primary trap have shown that the capture 
efficiencies for compounds listed in Tables A.3 and A.5 were typically greater than 92% at 
ambient temperatures. However, a number of highly volatile compounds that were 
identified in the slurry fraction were infrequently retained at quantitative levels when high 
volume sampling was employed. The combination of low volume sampling (method 1) 
with the use of Tenax TA and the molecular sieve Carboxen 569 gave the best retention of 
compounds listed in Tables A.3 and A.5 as well as the retention of 6 additional highly 
volatile compounds eluting in the 2-4 minute range on GC/FID chromatograms. Based on 
retention time, 4 peaks have been tentatively identified as dimethy disulfide, dimethyl 
trisulfide, 1 -pentanal, and 2-undecanone. 
CONCLUSIONS 
Results and methods presented here represent the first attempt in the development of 
source or emission testing techniques for quantifying non-methane organic compound 
emissions from swine production facilities. Obviously, the first step in air quality 
maintenance associated with livestock production is the reliable assessment of contaminants 
present in the air. Unlike many commercial and industrial airborne pollutants, which are 
regulated by the Clean Air and Water Act, there are no specific air quality guidelines that 
regulate livestock waste emissions from production facilities. These results indicate that 
while some EPA priority pollutants, including phenol, are present in livestock waste 
emissions, these compounds pose no immediate health risk concerns at the airborne 
concentrations found in this study and according to Clean Air Act guidelines (Plog 1988, 
and Campbell et al., 1973). Although no significant toxicological concerns were identified 
for swine waste VOC atmospheric emissions quantified in this study, great public sentiment 
nevertheless exists for the detrimental sociological, psychological, and economic affects 
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associated with livestock odor (Schiffman et al., 1995). While several organic compounds 
with extremely low odor thresholds were quantified in airborne emissions in this study, C2 
through C9 organic acids represented the greatest concern to air quality due to high 
experimental transport coefficients, high airborne concentrations, and low odor thresholds. 
Unfortunately, this generalization may be misleading, since odor threshold data was not 
available for all airborne organic compounds. 
Differences existed between the chemical profiles of air samples taken at swine 
production facilities as compared to the profiles of laboratory-based slurry extraction 
procedures. The volatilization process of malodorous and other VOCs from stored swine 
waste is a dynamic process that includes biological and chemical transformation processes 
occurring in the solution and presumably at the air/solution interface. A comparison of total 
VOC flux to total VOC emission (Fig. A.2) indicates that these processes are driven largely 
by environmental parameters such as temperature and wind velocity. The atmospheric 
transport efficiency appears to be dependent on chemical and physical properties of the 
individual compounds, as well as environmental parameters. Therefore, laboratory-based 
extraction procedures currently used to estimate odor potential for slurry samples (i.e., 
headspace analysis, solvent extraction, and SPME) give an inaccurate representation of 
malodorous and other airborne VOCs actually present in air from swine production 
facilities. 
The failure of the swine industry to adopt specific waste management guidelines has 
resulted in the great diversification of anaerobic strategies to store and treat manure (i.e., 
lagoons, deep basins, and subconfinement pits). As a result, considerable diversity has been 
observed for the solution phase chemistry of these systems (Zahn and Hatfield, unpublished 
data, 1997). Oleszkiewicz and Sharma (1990) have previously shown that anaerobic 
transformation processes occurring in anaerobic digesters are strongly regulated or 
controlled by solution phase chemistry. Chemical emission profiles from livestock waste 
storage systems are therefore, expected to be highly individualized due to differences in the 
microbial consortium. Ultimately, these variations in the microbial consortium are 
associated with differences in microbial processing of waste, which could be evidenced by 
differences in the emission profile of malodorous and other VOCs and gasses (CH4, N%0, 
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Nz, H2S, CO2) (Oleszkiewicz and Sharma, 1990). An interesting application of direct 
chemical evaluation of air samples is the use of this methodology to establish relationships 
between microbiological activities or populations and the production of malodorous VOCs 
for various waste management techniques. This approach would provide insight into the 
fundamental processes responsible for odor generation and a scientific basis for future odor 
control measures. 
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Table A.l Physical properties and elemental composition of slurry and sludge fractions 
sampled from the waste storage basin. The sludge phase was sampled from the bottom of 
the slurry basin and was estimated to account for less than 5% of the total volume of manure 
present in the basin. 
Parameter Valuet Ratio} 
Slurry Sludge (Slurry/Sludge) 
PH 7.2 ±0.1 -
Solid Content (mg/ml) 21.9 ±3.3 31.3 ± 1.7 0.70 
% Carbon (% of dry mass) 37.2 ± 0.4 42.3 ± 0.2 0.88 
% Hydrogen (% of dry mass) 5.2 ± 0.2 6.2 ±0.1 0.84 
% Nitrogen (% of dry mass) 3.0 ±0.1 2.3 ± 0.2 1.30 
Ca (mg/1) 280 ± 28 626 ±51 0.45 
Cu (mg/1) 14 ±4 50 ±8 0.28 
Fe (mg/1) 13 + 6 51 ±11 0.25 
K (mg/1) 1931 ±25 1675±14 1.15 
Mg (mg/1) 99 ±8 223 ± 16 0.44 
Na (mg/1) 245 ±31 229 ± 19 1.07 
P (mg/1) 612 ±20 980 ± 36 0.62 
S (mg/1) 104 ±5 158 ± 12 0.66 
Zn (mg/1) 7 ± 1 41 ±9 0.17 
f Values represent the average and range for parameters listed and were from a total of four 
replicate slurry samples. Instrumental error was < 1% for CHN analysis and <0.1% for ICP-
AES analysis. 
$ Ratio represents chemical partitioning behavior of element. 
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Table A.2 Qualitative and quantitative chemical analysis of organic compounds present in 
liquid swine manure sampled from the waste storage basin. 
Analyte Concentration (ppm) Relative 
Compound f Organic $ SPME Liquid- SPME Gas- Gas-Phase 
Liquid-Phase Phase Phase Equilibrium § 
Dimethyl Disulfide nd nd 8.5 -
3-Octanone nd nd 2.0 -
1 -Pentanal nd nd 2.6 -
Dimethyl Trisulfide nd nd 7.6 -
2-Undecanone nd nd 59.3 -
Acetic Acid nd 639.9 546.5 100 
Propionic Acid nd 306.7 233.2 77 
2-Methyl Propionic nd 27.3 26.4 83 
Butanoic Acid 4.4 106.6 118.1 44 
3-Methyl Butanoic Acid nd 25.5 38.8 50 
Pentanoic Acid 2.0 28.6 37.8 32 
4-Methyl Pentanoic Acid nd 3.5 3.5 34 
Hexanoic Acid 4.6 16.2 9.3 26 
Heptanoic Acid nd 3.9 nd 24 
Phenol 2-6 Bis(l,l dimethylethyl) 4- nd nd 2.2 -
methyl 
Phenol 19.5 22.0 26.8 21 
Octanoic Acid 1.2 1.4 nd -
4-Methyl Phenol 3.9 4.9 5.6 27 
3-Methyl Phenol 0.7 nd 1.1 -
2-Piperidinone nd 1.9 nd -
4-Ethyl Phenol 11.0 11.8 18.1 31 
2-Amino Acetophenone nd 2.5 1.8 -
Benzoic Acid nd 4.0 nd -
Indole 4.6 4.8 5.3 27 
3-Methyl Indole 11.9 10.2 13.7 29 
t International Union of Pure and Applied Chemistry (IUPAC) system nomenclature. 
$ Extracted with diethyl ether according to Hobbs et al. (1995). 
§ Relative gas-phase equilibrium concentration determined by taking the ratio of slopes for the 
calibration curve of pure compounds (slope S PME gas / slope SPME liquid). Compounds 
are listed as a relative ratio to the compound with the highest experimental volatility (acetic 
acid). 
1 nd = not detected. 
Table A.3 Peak reference table for figure A.3. Qualitative and quantitative analysis of airborne VOCs trapped on mixed-
bed Tenax TA/Carboxen 569 adsorption tubes at three air monitoring stations located 0, 25, and 100 meters from the slurry 
storage basin in central Iowa during the summer of 1996. 
Analyte Concentration in Air (ppb) 
Peak Reference Compound | Retention Time 
Number/ Letterf (minutes) § 0 meters K 25 meters 100 meters 
1 / A  Acetic Acid 2.35 0.52 0.52 0.52 
2 / B  Propionic Acid 2.90 2.15 1.93 1.14 
3 / C  2-Butanol 3.23 0.58 0.57 0.52 
4 / D  Butanoic Acid 3.60 1.17 1.10 0.89 
5 / E  1-Bromodecane 3.98 1.93 1.72 0.99 
6 Pentanoic Acid 4.56 0.49 0.39 0.18 
7 1-Decanol 4.63 0.79 0.65 0.36 
8 1 -Bromononane 4.93 0.77 0.69 0.32 
9 Hexanoic Acid 5.55 0.74 0.70 0.33 
10 Benzyl Alcohol 5.82 1.90 0.86 0.83 
1 1  / F  Butylated Hydroxytoluene 6.10 0.72 0.41 0.39 
12 1-Dodecanol 6.56 0.63 0.67 0.25 
13 Phenol 7.08 1.36 0.79 0.16 
14 / G Octanoic Acid 7.56 0.35 0.32 0.21 
15 4-Methyl Phenol 7.78 4.23 0.88 0.46 
16 Nonanoic Acid 8.53 0.62 0.51 0.25 
17 4-Ethyl Phenol 8.62 1.04 0.24 0.09 
1 8  / H  1,1,3 -T rimethyl-Dihydroindene OO
 
bo
 
OO
 1.35 1.28 0.78 
1 9 / 1  Hexadecanoic Acid Methyl Ester 10.64 0.14 0.12 0.14 
20 Benzoic Acid 11.13 0.66 0.49 0.10 
21 Dodecanoic Acid 11.24 1.43 1.06 0.19 
22 2-Amino Acetophenone 12.01 1.09 0.68 0.08 
23 4-( 1,1 -dimethy lpropyl) Phenol 13.38 0.26 0.21 0.12 
24 Bis (2-ethylhexyl) Phthalate 16.36 2.78 2.65 1.37 
Total VOC Emission (ppb) 27.70 19.44 10.67 
t Peak reference number/letter corresponds to peaks labeled in figure A.3. 
$ IUPAC system nomenclature. 
§ Retention times of compounds were maintained within ± 0.04 minutes using electronic pressure control. 
% Air samples collected at listed distances from odor source. 
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Table A.4 Typical flux rate and flux rate parameters for the total VOC emissions from the 
slurry basin described in Materials and Methods. Flux rate values are based on chemical 
(Table A.3) and micrometerological data taken at the site according to the procedures listed 
in Materials and Methods. Dimensions of the VOC plume were based on actual VOC 
concentration measurements taken at a total of three vertical and horizontal locations across 
the plane at 0 meters from the source. Average wind velocity during sample collection for 
the following parameters was 3.58 m/sec. 
Parameter Value t 
Vertical cross sectional area at source (m2) 59.5 
Average wind speed for sampling period (m/sec) 3.6 
Air movement rate across vertical boundary (m3/hr) 7.7 x 105 
Air movement rate across vertical boundary (1/hr) 7.7 x 10s 
Air sampling rate (1/hr) 41 
Total VOC emission rate (ng/l/hr) 9.3 
Total VOC flux rate for slurry basin (g/hr) 173 
Typical non-athropogenic VOC flux (g/hr) $ 0.03 - 0.34 
f Based on the total non-methane VOCs listed in Table A.3 which were collected 0 meters from 
the source. 
t Background non-athropogenic VOC flux rate based on an area comparsion. Modified from 
Freedman (1989). 
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Table A.5 Transport efficiencies and odor thresholds for airborne VOC emissions in Table 
A.3. Transport efficiencies are based on a percentage comparison of analyte detected at 0 
and 100 meters from the slurry storage basin. Odor thresholds are based on the published 
values of Hammond (1989), Ritter (1989), and Spoelstra (1980). 
Compound Transfer Efficiency (%) t Odor Threshold (ppb) 
Acetic Acid 100 40 
Propionic Acid 53 8.40 
2-Butanol 89 300 
Butanoic Acid 76 0.70 
1-Bromodecane 51 $ NOR 
Pentanoic Acid 37 0.62 
1-Decanol 46 § 
1-Bromononane 41 NOR 
Hexanoic Acid 44 42 
Benzyl Alcohol 44 § 
Butylated Hydroxytoluene 54 NOR 
1 -Dodecanol 41 § 
Phenol 12 59 
Octanoic Acid 60 § 
4-Methyl Phenol 11 1.9 
Nonanoic Acid 40 § 
4-Ethyl Phenol 9 § 
1,1,3-Trimethyl-Dihydroindene 58 § 
Hexadecanoic Acid Methyl Ester 100 § 
Benzoic Acid 15 § 
Dodecanoic Acid 14 § 
2-Amino Acetophenone 7 § 
4-( 1,1 -dimethyIpropy 1) Phenol 48 § 
Bis (2-ethylhexyl) Phthalate 49 NOR 
f Percent of airborne analyte concentration observed at 100 meters as compared to airborne analyte 
concentration at 0 meters from the slurry storage basin. 
$ No significant olfactometric response (NOR). Odor threshold > 1000 ppb. 
§ Odor threshold not available. 
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Figure A.l The biology of livestock waste decomposition. Anaerobic decomposition of 
livestock waste is mediated by a diverse group of microorganisms from the kingdoms 
Archaea and Bacteria, which include methanoarchaea, acetogens, anoxic phototrophs, 
fermentative anaerobes, and other anaerobic respiring obligate and faculative anaerobes. 
(Wolfe 1996 and Gottschalk 1988). Proteins, polysaccharides, cellulose, lipids, nucleic 
acids and other polymers are converted into aldehydes, ketones, acids, aromatics, ethers, 
alcohols, and inorganic products (no listed) that potentially volatilize into the atmosphere. 
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Figure A.2 The effect of wind velocity on total VOC emissions and total VOC flux rates 
from the slurry storage basin described in Materials and Methods. Sampling variability was 
determined initially using three replicate samples and was determined to be less than 4% of 
values listed. 
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Figure A.3 Chemical profile showing atmospheric transport efficiencies of volatile organic 
compounds from a swine waste storage basin described in Materials and Methods. A = air 
sample at 0 meters from source. B = air sample at 100 meters from source. Average wind 
velocity during the experiment was 3.58 m/sec. GC/MS chromatograms were acquired 
using electron impact ionization with a scan range of 30 - 240 m/z. Arrows in 
chromatogram B mark volatile organic compounds with transport efficiencies greater than 
50% of the source analyte concentration. Peak reference numbers and letters correspond to 
compounds listed in Table A.3. 
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APPENDIX B. CORRELATION OF HUMAN OLFACTORY RESPONSES TO 
AIRBORNE CONCENTRATIONS OF MALODOROUS VOLATILE ORGANIC 
COMPOUNDS EMITTED FROM SWINE EFFLUENT 
A paper published in the Journal of Environmental Quality1 
J. A. Zahn, A. A. DiSpirito, Y. S. Do, B. E. Brooks, and E. E. Cooper, and J. L. Hatfield 
ABSTRACT 
Direct multicomponent analysis of malodorous volatile organic compounds (VOCs) 
present in ambient air samples from 29 swine production facilities were used to develop a 
19 component artificial swine odor solution that simulated olfactory properties of swine 
effluent. Analyses employing either a human panel consisting of 14 subjects or gas 
chromatography were performed on the air stream from an emission chamber to assess 
human olfactory responses or odorant concentration, respectively. Analysis of the olfactory 
responses using Fisher's LSD statistics showed that the subjects were sensitive to changes 
in air concentration of the VOC standard across dilutions differing by approximately 16%. 
The effect of chemical synergisms and antagonisms on human olfactory response 
magnitudes was assessed by altering the individual concentration of 9 compounds in 
artificial swine odor over a 2-fold concentration range while maintaining the other 18 
components at a constant concentration. A synergistic olfactory response was observed 
when the air concentration of acetic acid was increased relative to the concentration of other 
VOC odorants in the standard. An antagonistic olfactory response was observed when the 
air concentration of 4-ethyl phenol was increased relative to the other VOC odorants in the 
standard. The collective odorant responses for 9 major VOCs associated with swine odor 
were utilized to develop an olfactory prediction model to estimate human odor response 
magnitudes to swine manure odorants through measured air concentrations of indicator 
1 Reprinted with permission of J. of Environmental Quality, 2001, 30, 624-634. 
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VOCs. The results of this study show that direct multicomponent analysis of VOCs emitted 
from swine effluent can be applied towards estimating perceived odor intensity. 
INTRODUCTION 
Modern swine management practices have undergone extensive changes during the 
last two decades in an effort to improve animal production efficiency, to reduce animal 
mortality, and to provide safer, higher quality animal products (Barker et al., 1996). These 
improvements in production efficiency have transformed the infrastructure of the swine 
industry, and have permitted the effective management of larger populations of animals on 
production sites. The expansion of concentrated animal feeding operations (CAFOS) 
throughout the United States has catalyzed an increased awareness by the general public and 
governmental agencies for the potential impacts of these facilities on water and air quality 
(Schiffman et al., 1995; Whitten et al., 1997). Recent air quality studies have shown that 
CAFOS can adversely affect air quality through the release of odor (Jacobson et al., 1997a; 
Zahn et al., 2000), and odorous compounds such as hydrogen sulfide (HzS) (Jacobson et al., 
1997b), ammonia (NH3) (Asman, 1995; Eklund and LaCosse, 1995; Sharp and Harper, 
1998), and volatile organic compounds (VOCs) (Zahn et al., 1997; Zahn et al., 2000). 
Efforts to remediate odor from swine production facilities have been impeded by the 
lack of instruments capable of high-throughput, objective odor measurements. The desire to 
develop high-throughput, inexpensive methods of odor quantification has been the impetus 
for several recent investigations that have focused on defining relationships between gas 
concentration of odorants emitted from animal manure and odor intensity measured by 
olfactory methods (Hobbs et al., 1995; Jacobson et al., 1997a; Jacobson et al., 1997b; 
Obrock-Hegel 1997; Pain et al., 1990; Zahn et al., 2000). Obrock-Hegel (1997), found that 
nutritional manipulation of amino acid intake reduced NH3, cresols, and indoles measured 
in air samples from production environments. However, no reduction in odor concentration 
was observed between control and treatment samples. Schulte et al. (1985) and Hobbs et al. 
(1995), linked high levels NH3 to odor. Unfortunately, the latter authors noted that the 
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relationship between NH3 and odor could not be universally applied to all farms, especially 
when they differed in the type of manure management system utilized. The use of H2S as a 
surrogate of livestock waste odor has also proven to be a formidable challenge. Jacobson et 
al., (1997a) evaluated odor and H2S concentration in air from approximately 60 different 
pig, dairy, beef, and poultry manure storage units on farms in Minnesota. Low correlation 
was observed between H2S and odor concentration for manure storages based on a species 
comparison and for production systems grouped according to manure management system 
type (pit, basin, and lagoon). The study further suggested the possibility that chemical 
odorants other than H2S (i.e., VOCs) were responsible for swine odor. In support of these 
findings, Powers et al., (1999) recently demonstrated that solution-phase concentrations of 
several VOCs present in anaerobic digester effluent were positively correlated with odor 
intensity. However, the solution-phase concentration of VOCs did not predict odor 
intensities well enough to suggest that human panels should be eliminated. Data quality in 
the latter study were likely adversely influenced by the fact that odor responses were 
correlated to solution-phase concentrations of odorants, rather than to direct measurements 
of odorants present in air samples presented to panelists. Previous studies have established 
the importance of using air-phase concentrations of odorants when performing correlations 
to odor concentration, since VOC volatilization rates are highly matrix-dependent (Hobbs et 
al., 1995; Maclntyre et al., 1995; Zahn et al., 1997). Problems associated with matrix-
dependent odorant volatilization were recently overcome by performing direct 
multicomponent analyses of air samples that were simultaneously evaluated for odor 
intensity by human panels (Zahn et al., 2000). By using this sampling approach, it was 
shown that odor intensity from 29 swine production facilities correlated strongly (r2 = 0.88) 
to the concentration of 19 volatile organic compounds present in ambient air samples. 
While this study provided evidence that direct multicomponent analysis of VOCs may be 
useful in monitoring odor from swine production, several important details concerning 
olfactory properties of key VOC odorants and the behavior of these compounds in complex 
mixtures were not addressed in this study. 
The aims of this study are similar to that of Zahn et al., (2000) in our desire to 
develop an instrument-based odor quantification method for CAFOS that is based on the air 
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concentration of specific odorants. In addition to this aim, there is currently a need to 
define olfactory properties of odorant reference standards that were previously described by 
Zahn et al., (2000). The objectives of this study were: i) to validate the selection of 
odorants present in synthetic swine odor by comparing the chemical profile of the synthetic 
mixture to the chemical profile of stored swine manure samples; ii) to construct and 
validate an emission chamber for reproducible delivery of an air stream containing the 
indicator odorants to an absorbent tube or to a nose cone for chemical and olfactory 
evaluation, respectively; iii) to define organoleptic properties of the odorant mixture at 
different delivery concentrations; and finally, iv) to define potential synergistic and 
antagonistic olfactory activities for this group of odorants. 
MATERIALS AND METHODS 
Composition of Odorant Solutions 
Sensory responses were measured for solutions containing 19 volatile organic 
compounds that were previously correlated to odor from commercial swine production 
facilities (Zahn et al., 2000). The chemical composition of synthetic swine odor Z2 was 
optimized in a laboratory dynamic flux chamber to mimic emission parameters for VOCs 
emitted from manure collected from a high-odor, Type 1 swine manure management system 
(Zahn et al., 2000). The synthetic swine odor solution Z2 (Zahn and DiSpirito, 1999), 
consisted of: 0.05 mM dimethyl disulfide, 8 mM acetic acid, 3.5 mM propionic acid, 0.5 
mM isobutyric acid, 0.4 mM 2-butanol, 1.4 mM butyric acid, 0.2 mM isovaleric acid, 0.5 
mM valeric acid, 0.1 mM isocaproic acid, 0.2 mM caproic acid, 0.2 mM heptanoic acid, 0.1 
mM indole, 0.15 mM 3-methyl indole, 0.2 mM 4-methyl phenol, 0.12 mM 4-ethyl phenol, 
0.15 mM phenol, 0.1 mM benzyl alcohol, 0.15 mM 2-amino acetophenone, 0.1 mM 
butylated hydroxytoluene (added as a preservative), and 8 mM ammonium acetate. Pure 
compounds (Aldrich Chemical Co., Milwaukee WI) were dissolved in warm (45° C) double 
distilled water (ddH20) while stirring and the solution pH was frequently adjusted to pH 7.0 
with 2 M potassium hydroxide. 
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The reference stimulus solution was produced by diluting synthetic swine odor 
solution Z2 in an equal volume of ddHiO. Odorant solutions were formulated within one 
hour of human evaluation to reduce variation due to loss of the odorants through 
volatilization or chemical decomposition, and were maintained at 21.0 ± 1.1° C during all 
procedures. Two series of experimental stimuli were formulated for olfactory studies: 
First, the effect of odorant concentration on olfactory responses was evaluated by preparing 
by 6 dilutions (83%, 67%, 50%, 33%, 17%, 1%) of synthetic swine odor solution Z2 in 
ddHiO. Second, the effect of synergistic or antagonistic interactions between odorants was 
investigated by doubling the concentration of individual odorants present in synthetic swine 
odor Z2, while maintaining the remaining 18 odorants at concentrations equivalent to the 
reference stimulus solution. The latter odorant solutions were diluted over the same 
concentration range (100%, 83%, 67%, 50%, 33%, 17%, 1%) that was used in the first 
series of experiments. 
The dilutions used in this study were assigned empirically based on the olfactory 
responses of panelists to the various dilutions of the synthetic swine odor solution. 
Physiological responses ranged from barely detectable to an overwhelming or unbearable 
olfactory response. There were five dilutions equally scattered between the two stimuli to 
provide data needed for fitting of olfactory response models. Statistical analysis of data 
shows that the dilutions employed in these experiments fitted well to established olfactory 
response models. 
Emission Chamber Design and Operational Parameters 
Olfactory and chemical quantification of VOC odorants were performed on the gas 
stream emitted from the dynamic emission chamber shown in figure B.l. Compressed air 
from a cylinder (ultra-high purity) was passed over activated carbon (#24,226-8; Aldrich 
Chemical Co., Milwaukee, WI) and then was introduced to the dynamic emission chamber 
at a height of 10 cm above the odorant solution. Olfactory and chemical controls performed 
on chambers containing ddH%0, showed that the emission chamber, flow path, and air 
source had no detectable odor or VOCs in the absence of odorant solutions. The flow of 
clean air was maintained at 1000 mL*min_1 (±1.2%) using a thermal mass flow controller 
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(series 810, Sierra Instruments, Inc., Monterey, CA). The flow of air through the chamber 
proceeded downward towards the surface of the odorant solution and then exited the 
emission chamber through a glass transfer tube that was positioned 1 cm from the surface of 
the odorant solution. The odorant-containg gas was forced up the transfer tube to a nose 
cone and sampling tee for olfactory and chemical analyses, respectively. The sampling tee 
was positioned at the base of the nose cone to eliminate potential discrepancies between 
olfactory and chemical measurements due to non-equivalent flow paths. 
Odorant solutions (50 mL) and a single 1.5 cm magnetic stir bar were introduced 
into the chamber through a ground-glass joint at the top of the chamber. The chamber was 
then closed and fixed on a magnetic stir plate inside a cabinet (3.0 m3) equipped with an 
exhaust fan (exhaust rate = 3.1 m3 • min"1). The diameter of the emission chamber was 3.50 
cm and the active surface area for the odorant solution was 9.62 cm2. Upon start-up of the 
dynamic emission chamber, the initial five minutes (~5 liters of odorant-containg gas) of 
operation were dedicated to equilibrating the flow path to odorants present in the gas 
stream. During this equilibration period the exhaust fan was operated to remove odorants 
from the cabinet. After the equilibration period, the fan was shut off and the air stream was 
sampled by human panelists or by chemical methods. Chemical and human olfactory 
analyses were conducted separately in order to minimize potential interferences with human 
olfactory evaluations. Olfactory evaluations of odorant air streams were conducted using 
full air flow through the dynamic emission chamber (1000 mLemin"1). The exhaust fan was 
operated for 1 minute after each evaluation to remove residual odorants from the sampling 
area. Air temperature and relative humidity in the evaluation area was maintained at 21.0 ± 
1.1° C and 62% ± 7% RH, respectively. Comparisons between the reference stimulus and 
experimental stimuli were performed by placing a second dynamic emission chamber in the 
evaluation cabinet at a distance of 0.35 m from the reference stimulus. The second chamber 
is referred to as the "experimental stimulus". 
Volatile organic compounds in the air stream from the emission chamber were 
trapped on adsorbent resins at the sampling tee using a flow rate of 950 mL*min-1. The 
remaining balance of the gas flow (50 mL*min-1) was expelled through the unoccupied nose 
cone. The adsorbent resins consisted of a multibed combination of Tenax TA and 
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Carboxen-569 as previously described by Zahn et al., (1997). Compounds captured on the 
adsorbent tubes were transferred to a gas chromatograph by thermal desorption, were 
separated on a Hewlett-Packard Innowax cross-lined polyethylene glycol capillary column 
(30 m X 0.25 mm), and detected by flame ionization or by a mass selective detector as 
previously described by Zahn et al. (1997). 
Scale Development and Sensory Panel Design 
Development of a scale to measure the effects of odorant concentration was 
completed using Steven's magnitude estimation technique with fourteen human panelists 
(Stevens, 1957,1961,1962). Subjects were presented with an odorant air stream from an 
emission chamber containing the reference stimulus solution and were instructed that the 
stimulus had an intensity value of 100 (arbitrary) odor intensity units. Panelists were then 
instructed to sample an air stream from a second chamber (experimental sample) and to 
score the intensity of the odor relative to the reference stimulus. For example, if the subject 
perceived that the intensity of an experimental sample was half that of the reference 
stimulus, then a value of 50 was reported for the experimental sample. If the subject 
perceived that the odor was 75% more intense than the reference stimulus then a value of 
175 was reported for the experimental sample. Odor intensity scores were reported between 
a range of 0 and 200 relative odor intensity units. 
Magnitude estimation studies have shown that the perceived magnitude of a stimulus 
is a power function of the intensity of the stimulus (Stevens, 1957, 1961, 1962). The 
mathematical relationship between perceived magnitude and physical intensity of the 
stimulus (Steven's Law) is: 
P = k*Ib where: 
P = the experimentally-defined perceived magnitude of a stimulus; k = a stimulus-
dependent constant that represents the intercept of the line function; b = a stimulus-
dependent constant that represents the slope of the line function; I = the actual physical 
intensity of the stimulus (odorant concentration). 
The magnitude estimation technique was used with a human panel of 14 subjects. 
The panel ranged in age from 18 to 40 years and was composed of an equal number of male 
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and female subjects to minimize gender bias. In the first stage of the study, subjects were 
presented with synthetic swine odor solution Z2 and five dilutions of the solution (100%, 
83%, 67%, 50%, 33%, 17%, 1%) as described in the "Composition of Odorant Solutions" 
section. The solutions were placed in emission chambers with encrypted labels and then 
were fixed in the experimental stimulus position for evaluation. Individuals on the panel 
were instructed to score the physical intensity of each experimental stimulus relative to the 
reference stimulus. In subsequent stages of the study, the panel was presented with 9 
different experimental stimuli, differing only in the concentration of a single odorant. The 
concentration of a single odorant in the solution was doubled from the original 
concentration value, while other odorants (the remaining 18) present in the solution were 
unchanged. Solutions were again diluted over a concentration range from 100% to 1%, and 
then placed in emission chambers for presentation to the panel. The following 9 VOCs 
were evaluated for potential synergistic/antagonistic activity: acetic acid, isobutyric acid, 
butyric acid, valeric acid, heptanoic acid, phenol, 4-methyl phenol, 4-ethyl phenol, 3-methyl 
indole. These 9 VOCs were selected based on their universal presence in air samples from 
swine production facilities and/or due to their low olfactory detection thresholds. 
The order in which the first 12 subjects sampled the odorants was balanced using a 
Latin Square to reduce sampling bias. Panelists evaluated each experimental stimulus twice 
during individual sessions. Each subject would compare the experimental stimulus to the 
reference stimulus in one serial order, and then would be presented the same samples for a 
second trial in a different serial order. Thus, the effects of the presentation order could be 
randomized in order to reduce sampling bias. Panelists were allowed to evaluate odor 
stimuli as many times as they wished before reporting the stimulus score to the panel 
operator. Individual sampling sessions for the duplicate analysis of 6 experimental stimuli 
were completed in 15 minutes for individual panel members and were performed on two 
separate days during the same week. 
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RESULTS AND DISCUSSION 
Development and Validation of Synthetic Swine Odor Z2 
Synthetic swine odor Z2 consists of a buffered mixture of volatile organic 
compounds in an aqueous solution. The constituents of this solution were selected based on 
the qualitative analysis of ambient air samples (n = 328) collected from 29 swine production 
facilities located in Iowa, North Carolina, and Oklahoma (Zahn et al., 1997; Zahn et al., 
2000). Ambient air samples for these studies were collected on the down-wind edge or 
center of outdoor manure collection systems (lagoons and basins) at approximately 1.5 m 
from the emitting surface. The concentration of compounds in the solution was determined 
empirically by comparing emission profiles from liquid samples of swine manure collected 
from the 29 sites, to the emission profiles from mixtures of pure odorants using the dynamic 
emission chamber. A series of chromatograms collected for one comparison is shown in 
Fig. B.2. The identity and properties of compounds separated in these chromatograms are 
described in Table B.l. 
A comparison between the mean air concentration of odorant compounds collected 
from the atmosphere above swine manure management systems to published odor threshold 
values is shown in Table B.l. The fact that the mean air concentration for hydrogen sulfide 
and 2-butanol were below the odor threshold value indicates that these compounds do not 
contribute significantly to odor associated with swine manure. This finding corroborates 
earlier field studies by Jacobson et al., (1997a and 1997b), which showed a poor correlation 
between odor concentration and the concentration of hydrogen sulfide in emission plumes 
from swine production facilities. The mean air concentration of other VOC odorants 
present in emission plumes from swine production facilities was found to range between a 
level equal to the odor threshold value to almost 4000-fold above the odor threshold value 
(Table B.l). These findings provided evidence that VOCs may be responsible for a 
significant proportion of the odor present in emission plumes from swine production 
facilities. In addition to the use of chemical methods for the purpose of validating the 
composition of synthetic swine odor, qualitative odor characteristics of the solution were 
determined for odor solution Z2 and for 6 dilutions of this solution by a human panel. 
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Results from these qualitative evaluations indicated that few of the compounds had a 
distinct manure odor character when evaluated on an individual basis; however, the 
collective odorant properties of VOCs present in the synthetic swine odor solutions were 
found to simulate olfactory properties of swine manure odor (Table B.2). 
Over 200 volatile organic compounds have been identified from liquid swine 
manure and from anaerobic headspace analysis of swine manure. Field studies, however, 
have shown that only a fraction of these compounds can routinely be detected in emission 
plumes from these point sources (Zahn et al., 1997; Zahn et al., 2000). Efforts to 
characterize VOCs in emission plumes from animal production environments have been 
impeded by the chemical diversity of odorants, the reactivity of odorants, and by the 
extremely low concentration of these odorants in emission plumes (Zahn et al., 1997). Air 
monitoring methods established by the Environmental Protection Agency for assessing 
VOC emissions from industrial/commercial point sources (i.e., T014) were found to require 
modification in order to provide the level of sensitivity necessary for detection and 
quantification of key odorant compounds (Zahn et al., 1997; Zahn et al., 2000). These 
method modifications often involved optimizing or refitting sample concentration or 
water/carbon dioxide management systems in order to allow for the efficient desorption of 
high boiling point or water soluble compounds. Commercially-available analytical systems 
for VOC concentration and for water/carbon dioxide management were found to be well 
suited for the analysis of non-water soluble analytes with low boiling points and relatively 
high Henry's law constants (i.e., halogen hydrocarbons, alkanes, alkenes, and aromatic 
solvents), but often did not provide quantitative results for analysis of the 19 VOCs 
associated with swine odor. 
In addition to the 19 compounds in synthetic swine odor Z2, a number of other 
odiferous compounds, such as amine and sulfide-containing compounds have been 
correlated with swine manure odor based on solution-phase measurements (Yasuhara et al., 
1984). However, with the exception of hydrogen sulfide, organic sulfide and organic 
amine-containing compounds were not routinely detected in emission plumes from swine 
production facilities (Zahn et al., 1997; Zahn et al., 2000). It has been well established that 
sulfides and amines are inherently unstable in oxidized atmospheres due to their high 
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chemical reactivity. Sulfides are weak monoprotic and polyprotic (H2S) acids that are 
highly reactive under aerobic conditions and neutral pH. Ammonia and amines, on the 
other hand, are weak bases that play a major role in neutralization of sulfur dioxide and 
nitrogen oxides in the atmosphere (Harper and Sharpe, 1996). Acid/base neutralization of 
air pollutants has been shown to produce salts that contribute to chemically-generated 
particulate matter in the atmosphere. While there is currently little direct evidence to 
explain the absence of these compounds in emission plumes, the presence of high 
concentrations of disulfides such as dimethyl disulfide (the oxidation product of methyl 
mercaptan) and dimethyl trisulfide (the oxidation product of hydrogen sulfide and methyl 
mercaptan) provides indirect evidence that free sulfides are readily oxidized in the 
atmosphere or during sample collection and analysis procedures. In contrast to the labile 
nature of sulfide and amine-containing compounds, VOCs in synthetic swine odor Z2 
exhibit a higher level of chemical stability. Additionally, these compounds were observed 
to exhibit high atmospheric transport coefficients that permitted long-range atmospheric 
transport under unstable atmospheric conditions (Zahn et al., 1997). These findings indicate 
that the compounds present in the synthetic swine odor Z2 represent ideal odorants for use 
in swine odor research. 
Operational Parameters of the Dynamic Emission Chamber 
The ability to maintain a constant emission rate of VOCs at the olfactory sampling 
port during the course of the olfactory evaluation period was considered a critical element in 
the success of the study. Therefore, preliminary investigations were conducted on synthetic 
swine odor solutions that were placed in the dynamic emission chamber to determine: 1) if 
the emission rate of VOCs release from the dynamic emission chamber was constant over a 
typical olfactory sampling period and 2) if emission rate of VOCs was proportional to the 
concentration of VOCs present in the liquid-phase of the emission source. The emission 
rate of 19 VOCs present in synthetic swine odor Z2 were measured by trapping the airborne 
analytes on adsorption tubes over time intervals and by determining the change in 
concentration of VOCs present in the liquid over the same time period. Adsorption samples 
were collected over a 3-hour period in 0.5 hour intervals from air emitted from the dynamic 
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emission chamber. The cumulative emission rates of acetic acid, 4-methyl phenol, and 4-
ethyl phenol over the 3-hour sampling period are shown in Fig. B.3. The linear shape of the 
fitted line (r2 > 0.97) shows that the emission rate for each VOC remained nearly constant 
during the sampling period. Analysis of the concentration of the other 16 compounds in air 
samples showed that the emission rate of these compounds also remained nearly constant 
over the 3 hour collection period. The concentration of VOCs present in liquid-phase of 
synthetic swine odor solution Z2 was reduced between 0.05% to 4.0% over the 3 hour 
collection period. Compounds such as dimethyl disulfide that had a relatively low source 
concentration and a high Henry's law constant showed the greatest change in solution 
concentration over the sampling period (4.0%), while compounds with lower volatility 
(benzyl alcohol, 0.1%) or high source concentration (acetic acid, 0.05%), exhibited less 
change in solution concentration over the sampling period. Comparison of the total amount 
of VOCs recovered by adsorption tubes to the losses of analytes measured in the solution 
phase, showed that between 94% to 99% of the VOCs emitted from the solution could be 
recovered and quantified by the thermal desorption/gas chromatography method. The mean 
emission rate values for four independent emission rate experiments conducted using the 19 
odorant compounds are shown in Table B.3. 
The effect of the solution concentration on VOC emission rate was tested for each of 
the seven VOC concentrations used in olfactometric trials. Solution concentration of acetic 
acid was found to be proportional to the emission rate of acetic acid over the concentration 
range tested (Fig. B.4). The relationship between solution concentration and emission rate 
of all other VOCs present in synthetic swine odor solutions was observed to be essentially 
identical to the emission behavior exhibited by acetic acid. These results indicate that the 
emission chamber delivers a highly reproducible and relatively constant concentration of 
odorants to the nose cone during the length of time that was required to complete olfactory 
evaluations of the odorant samples. 
Panel and Scale Development 
Three olfactometric trials (n = 504) were conducted on the synthetic swine odor Z2 
and the six serial dilutions of this stimulus using a human panel of 14 individuals. The 
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mean perceived magnitude of stimuli (P) and the physical intensity of stimuli (I) for 
individual trials were analyzed to determine fit to Stevens' Law (see Methodology section 
for equation). The best fit equation for these samples and for samples containing a 2-fold 
higher concentration of individual analytes is shown in Table B.4. Analysis of variance for 
each of the odorant series shows that the data conformed well to Stevens' Law and that 
variance in these measurements was minimal. 
Several points should be noted in the analysis of Table B.4. First, the value of b (the 
power to which I is raised) provides a measure of the slope of the best fitting curve. Higher 
values of b indicate greater slope meaning that mixtures with a high b value (i.e., standard + 
butyric acid, b = 0.432) were more affected by concentration changes than mixtures with a 
low b value, such as standard + heptanoic acid (b = 0.283). Also of interest is the fact that 
the values of b range from 0.265 to 0.432 with a mean of 0.333. Different senses can vary 
widely in their b values. For example, forjudging the brightness of a light, the b value is 
approximately 0.3, while forjudging the strength of electric shock, the b value is 
approximately 3.5 (Schiffman, 1982). Previous olfactory research conducted on evaluating 
the odor intensity of coffee and heptane has reported b values near 0.5 (Stevens, 1961, 1970, 
1975). The results of this study show that synthetic swine odor has values of b that are 
comparable to the studies of other odorants (Cain et al., 1998; Dengel and Koster, 1998; 
Linden et al., 1998; Livermore and Laing, 1998). 
Also of interest were the extremely high values of r2 that were obtained for analysis 
of variance. Analysis of variance showed that Stevens' Law could explain, on average, 
97% of the variation in the subjects' estimates of odor intensity. This result provides 
evidence that the VOC delivery system produces highly reproducible olfactory stimuli. A 
Within Subjects Factorial Analysis of Variance (ANOVA) was used to determine the effects 
of odorant concentration on the mean perceived odor intensity scores. Two factors were 
included in the ANOVA: 1) The effect of odorant concentration on olfactory responses 
over 7 odorant concentrations (100%, 83%, 67%, 50%, 33%, 17%, 1%), and 2) the effect of 
synergistic or antagonistic interactions between 9 odorants present in synthetic swine odor 
Z2. This analysis yielded a reliable main effect due to concentration of odorants (F(5, 65) = 
142.35, p < 0.0001), a reliable main effect due to synergistic/antagonistic interactions 
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between odorants (F(9, 117) = 3.58, p < 0.001), and a reliable interaction between 
concentration and synergistic/antagonistic interactions between odorants (F(45, 585) = 
3.128, p < 0.0001). Subsequent analysis of the main effects showed that several of the 
chemical mixtures produced reliably greater mean odor intensity ratings than others. The 
mean rating for each of the solutions and standard error are shown in Table B.5. 
Analysis of data for determining synergistic/antagonistic interactions between 9 
odorants present in synthetic swine odor Z2 was completed using Fisher's LSD statistic. 
The value of Fisher's LSD for odorant interactions was 13.52 odor intensity units, meaning 
that any of the mean ratings differing by more than 13.52 are reliably different. Odorant 
solutions containing a 2-fold higher concentration of acetic acid gave mean perceived odor 
intensity scores that were statistically higher than the standard, while solutions containing 2-
fold higher concentrations of 4-ethyl phenol gave statistically lower odor intensity scores 
than the standard (Table B.5). Other treatments in this series were found to be statistical 
equivalent. 
The concentration of odorant solutions evaluated in this study were found to elicit a 
strong effect on mean perceived odor intensity scores. The value of Fisher's LSD statistic 
for concentration data was 9.59 odor intensity units (Table B.6). As such, the 1% 
concentration produced statistically lower mean perceived odor intensity scores than the 
other 5 concentrations evaluated. The 17% concentration produced odor intensity scores 
that were statistically lower than the 34%, 67%, 83% and 100% concentrations. This 
pattern of statistical significance was observed for all subsequent odorant concentrations. 
Thus, the human panel was clearly sensitive to changes in concentration across all odorant 
concentrations used in the study. 
Multiple regression analysis was performed on odorant concentration data sets and 
on data sets used for determining synergistic/antagonistic interactions in an attempt to 
predict the panel perceived odor intensity scores based on the concentration stimulus. The 
mean perceived odor intensity scores reported by panelists were used as the dependent 
(predicted) variable for these analyses. There was a strong correlation (r2 = 87.6) observed 
between predicted and authentic values for mean perceived odor intensity scores. The 
quality of the model for odorant concentration data sets was further corroborated by the 
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high level of statistical significance for the analysis (F(9,51) = 40.14, p < 0.0001). Table 
B.7 shows the regression coefficients for each of the 9 major swine effluent odorants 
included in the model. Analysis of this table shows that there is a high level of significance 
for three odorants (p < 0.05) and a lower level of significance for all other terms in the 
model. The three odorants achieving a high level of significance were acetic acid (p < 
0.001), 4-ethyl phenol (p = 0.02), and 3-methyl indole (p = 0.04). This result indicated that 
the olfactory scaling model could be further simplified by systematically omitting less 
significant terms from the model. However, cross validation (tests of the model on 
independent data sets) of simplified versions of the model, created through omission of less 
significant terms resulted in models with lower regression coefficients. These results 
indicated that all of the terms presented in Table B.7 contributed to the overall accuracy of 
the model. The following mathematical representation of parameter estimates from the 
model includes factors from VOC concentration measurements of odorant solutions 
evaluated by panelists. These conversion factors are required to convert model input values 
from units of percent stimulus to p,g of VOC*m"3 of air. A human olfactory response can be 
predicted for air samples through the concentration of the 9 VOCs. The model for swine 
odor intensity is: 
Odor Intensity = 50.0 + (20.2(a/22.7)) + (5.5(b/34)) + 47.3(c/10.7)) + (7.8(d/21.0)) + (22.8(e/24.5)) 
+ (3.5(f/146.0)) + (3.9(g/14.2)) + (-116.5(h/l 1.2)) + (89.57(1/18.0)) 
Where: a = valeric acid (|J,g*m"3 in air), b = butyric acid (|0,g*m~3 in air), c = heptanoic acid 
(|Xg*m"3 in air), d = phenol (|Ag*m"3 in air), e = 4-methyl phenol (|Xg*m"3 in air), f = acetic 
acid (|xg*m"3 in air), g = isobutyric acid (|ig*m"3 in air), h = 4-ethyl phenol (ng*m"3 in air), i 
= 3-methyl indole (|ig*m 3 in air). The present model provides a predicted value for odor 
intensity using 9 of the most common volatile organic compounds found in odorous plumes 
from swine production. These compounds were selected from the group of 19 volatile 
organic compounds based on their universal presence in air samples from the several types 
of manure management systems used in the swine industry, their olfactory properties, and 
the fact that this group of odorants provided significantly higher regression coefficients for 
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swine odor intensity models. Cross validation of the model using VOC concentration and 
odor intensity data from field studies of 29 swine production facilities in Iowa, Oklahoma, 
and North Carolina (Zahn et al., 2000) showed that the model achieved a high level of 
accuracy in predicting odor intensity associated with swine production facilities. Predicted 
values for odor intensity showed a strong correlation to actual measured values for odor 
intensity (r2 = 0.80), and a high level of statistical significance was achieved for this 
validation ((F) = 84.31, p < 0.0001). Future model improvement and validation efforts will 
focus on expanding the number of target analytes used in the model and on further 
validation of the model by performing additional VOC and odor intensity measurements at 
swine production sites. 
Panelist training and screening is often employed in olfactory analyses to artificially 
restrict the range or skew the distribution of olfactory responses. Panelist training and 
screening is often completed using standard odorants, such as n-butanol, that exhibit little or 
no olfactory similarities to environmental odors that have been sampled. This study, for the 
first time, describes the composition and use of an odorant standard that more realistically 
simulates olfactory characteristics associated with swine production. The artificial swine 
odor mixture was used a standard of defined magnitude to assess the odor intensity 
associated with laboratory-generated swine odor samples. Using this approach, we have 
demonstrated that panelist training and screening was not necessary to achieve accurate 
quantification of the perceived odor intensity. 
A field study by Zahn et al. (2000) reported that odorant concentration of 19 VOCs 
that were present in odor plumes from swine production facilities could be used to predict 
odor intensity associated with swine production. Qualitative analyses of VOCs present in 
air samples from four types of swine manure management systems showed that high odor 
intensity was associated with relatively intense gas chromatographic profiles; however, 
these profiles were chemically-simplistic in nature when compared to the chromatographic 
profiles from low-odor lagoon systems that had lower intensity and higher chemical 
diversity. From these results, it was concluded that chemical concentration rather than 
chemical diversity, was the most important factor for predicting odor intensity magnitudes 
associated with swine production. The results of this study provide additional support for 
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the importance of odorant concentration as a factor in olfactory models. This study has 
further simplified the list of target VOC odorants from 19 in the earlier study (Zahn et al., 
2000), to 9 VOC odorants and has shown that synergisms and antagonisms between major 
odorant compounds do not appear to play a major role in measured odor intensity. This 
observation is important since the ability to define odorant synergisms and antagonisms has 
been suggested to be the most significant obstacle in applying chemical methods in odor 
measurement (Mackie et al., 1998). Data presented in this study provide evidence that the 
concentration of "specific" non-methane VOCs that are present in air samples from swine 
production facilities can be applied to predict the odor intensity associated with swine 
production systems. 
CONCLUSIONS 
Anaerobic processing of livestock wastes results in the production of malodorous 
gases including volatile organic compounds (VOCs), hydrogen sulfide, and ammonia. 
Quantification of odor and trace gases from animal production facilities have traditionally 
been addressed in separate, unrelated research efforts due to analytical difficulties 
associated with the measurement of low concentrations of analytes in air samples. As a 
result, there is currently a lack of information concerning the ambient air concentration 
range and chemical identity of odorant compounds released from stored animal manure. 
This lack of information has impeded research efforts focused on the development of 
emission abatement strategies and has compelled the use of subjective, low-throughput odor 
measurement methods. The results of this study show that direct multicomponent analysis 
of VOCs present in ambient air near animal production facilities may be applied towards 
estimating perceived odor intensity. This instrument-based odor quantification approach 
would consist of 1) collecting ambient air samples from an animal production facility, 2) 
determining the concentration of specific odorants present in the air sample by gas 
chromatography, and finally, 3) processing the concentration data by an olfactory scaling 
model in order to estimate the perceived odor intensity (Fig. B.5). This instrument-based 
106 
odor quantification system has been successfully applied to the quantification of odor 
emitted from 29 swine manure management systems in Iowa, Oklahoma, and North 
Carolina (Zahn et al., 2000). Results from these studies indicate that direct chemical 
analysis of VOCs present in air samples from animal production environments represents an 
alternative approach to olfactory measurements for evaluation of best management practices 
for swine manure management systems or as a screening method to identify swine 
production sites that represent a potential nuisance concern. 
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Table B.l Odor characteristics, olfactory thresholds, and recommended exposure limits for 
volatile organic compounds identified from air samples at swine production facilities. 
Organic Ave. Air Ref. Odor Odor Recommended 
Compound/Chromat Cone. Characteristic Threshold TWA Limits 
ographic peak # (mg/m3)f (mg/m3)$ (mg/m3) § 
Hydrogen sulfide 0.090 1 Rotten eggs 0.140 14 
Ammonia 3.70 1 Sharp, pungent 0.027-2.2 18 
1. Dimethyl 0.017 1 Putrid, decayed 0.0011- -
disulfide vegetables 0.61 
2. 2-Butanol 0.019 1 Alcohol 0.11 305 
3. Dimethyl 0.013 1 Nauseating 0.0072- -
trisulfide 0.023 
4. Acetic acid 0.270 2 Pungent 0.1-2.5 25 
5. Propionic acid 0.130 2 Fecal 0.0025 30 
6. Isobutyric acid 0.110 2 Fecal 0.00072 -
7. Butyric acid 0.590 2 Fecal, stench 0.00025 -
8. Isovaleric acid 0.098 1 Fecal 0.00017 -
9. n-Valeric acid 0.360 1 Fecal 0.00026 -
10. Isocaproic acid 0.010 1 Stench 0.0020 -
11. n-Caproic acid 0.110 2 Fecal 0.0020 -
12. Heptanoic acid 0.008 1 Pungent 0.0028 -
13. Butylated - - nd nd -
hydroxytoluene 
14. Benzyl alcohol 0.002 2 Alcohol nd -
15. Phenol 0.025 2 Aromatic 0.23-0.38 19 
16. 4-Methyl phenol 0.090 2 Fecal 0.0021- 22 
0.009 
17. 4-Ethyl phenol 0.004 2 Pungent 0.0035- 25 
0.010 
18. 2-Amino 0.001 2 Fruity, nd -
acetophenone ammonia 
19. Indole 0.002 1 Fecal 0.0019 
20. 3-Methyl indole 0.002 1 Fecal, 0.0000005- -
nauseating 0.0064 
t Average reported concentration of the analyte in air at a height of 1.5 meters from the surface of a high-odor 
swine manure basin. References: 1 = Zahn, et al., 2000. 2 = Zahn, et al., 1997. Butylated hydroxytoluene 
added as a preservative. 
$ Milligrams of analyte per cubic meter of air at standard temperature and pressure, nd = not determined. 
§ The time-weighted average concentration for a normal 8-hour workday and a 40 hour work week, to which 
nearly all workers may be repeatedly exposed, day after day, without adverse effect (Plog, 1988). 
I l l  
Table B.2 Character descriptors associated with synthetic swine odor solutions. Odorant 
concentrations are reported as a percent of synthetic swine odor Z2. 
1% 16% 32% 50% 
Barely detectable Stinky Mildly Smelly Unpleasant 
Nothing Sweeter Moderate Wet socks 
Noticeable Not all that Gross Foot odor 
Barely present unpleasant Feces-like Slightly bothersome 
Moderate Mild Rotting garbage 
Sweet-smelling Somewhat 
Very mild bothersome 
Slightly unpleasant Dense 
Mildly unpleasant Obvious odor 
Pungent 
67% 83% 100% 
Smelly Strong Very bad 
Pungent Very unpleasant Strong 
Sweet Annoying Powerftil 
Bothersome Acidic Headache 
Powerful Bothersome Very unpleasant 
Really bad Garbage Ammonia 
Potent 
Sickening 
Very acidic 
Dizzying 
Very bothersome 
Astringent 
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Table B.3 Emission rate of VOCs from artificial swine odor Z2 under the operation 
conditions described in the Materials and Methods section. Reported values represent the 
mean from four independent samples with the standard deviation < 4% of the mean. 
Organic Solution-phase Measured VOC Measured VOC 
Compound/Chrom concentration of VOC flux rate f concentration at 
atographic peak # (mM) (ng*cm"2*hr"') nose cone (|ig*m"3) 
1. Dimethyl 0.05 326 52.3 
disulfide 
2. 2-Butanol 0.4 185 29.7 
4. Acetic acid 16$ 912 146.0 
5. Propionic acid 3.5 285 45.7 
6. Isobutyric acid 0.5 88 14.2 
7. Butyric acid 1.4 212 34 
8. Isovaleric acid 0.2 59 9.5 
9. n-Valeric acid 0.5 141 22.7 
10. Isocaproic acid 0.1 43 6.8 
11. n-Caproic acid 0.2 81 13.0 
12. Heptanoic acid 0.2 67 10.7 
13. Butylated 0.1 67 10.7 
hydroxytoluene 
14. Benzyl alcohol 0.1 26 4.2 
15. Phenol 0.15 130 21.0 
16. 4-Methyl 0.2 153 24.5 
phenol 
17. 4-Ethyl phenol 0.12 70 11.2 
18. 2-Amino 0.15 98 15.7 
acetophenone 
19. Indole 0.1 63 10.2 
20. 3-Methyl 0.15 112 18.0 
indole 
f = Operational parameters for the dynamic emission chamber during the emission 
measurements were: flow rate - 950 ml*min"' (total chamber flow = 1000 ml*min"'), 
sampling period = 60 minutes, air and solution temperature = 21° C, relative humidity 
- 62%, and active surface area of emission chamber = 9.62 cm2. 
X - Combined concentration from acetic acid and ammonium acetete. 
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Table B.4 Fitting equation for the perceived odor intensity of synthetic swine odor 
solutions (standard) and for odorant solutions containing a two-fold concentration of 
individual odorants. 
Odorant Equation Measured variance (r2) 
Standard P = 36.601u'265 0.921 
Standard + valeric acid P = 21.92 10 413 0.994 
Standard + butyric acid P = 19.09 I 0 432 0.959 
Standard + heptanoic acid P = 38.2010283 0.974 
Standard + acetic acid P = 40.791 °-300 0.983 
Standard + isobutyric acid P = 27.2110344 0.985 
Standard + 4-methyl phenol P = 32.341 °'307 0.997 
Standard + 4-ethyl phenol P = 27.42 I °'310 0.985 
Standard + 3-methyl indole P = 25.32 I 0 371 0.952 
Standard + phenol P = 32.33 I °-304 0.943 
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Table B.5 Mean perceived odor intensity scores for synthetic swine odor solutions and the 
effect of individual odorants on the intensity score. 
Odorant Mean rating Standard error 
Standard 94.60 4.92 
Standard + valeric acid 97.61 5.91 
Standard + butyric acid 94.71 5.66 
Standard + heptanoic acid 104.68 5.43 
Standard + acetic acid 119.51 6.07 
Standard + isobutyric acid 94.39 5.63 
Standard + 4-methyl phenol 97.40 4.91 
Standard + 4-ethyl phenol 83.26 4.94 
Standard + 3-methyl indole 99.34 6.50 
Standard + phenol 95.94 5.12 
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Table B.6 Mean perceived odor intensity scores for synthetic swine odor solutions differing 
in stimulus concentration. 
Stimulus concentration (%) Mean score Standard error 
1 30.64 2.08 
17 73.14 2.98 
34 96.64 2.79 
67 114.91 2.85 
83 130.99 3.11 
100 142.55 3.60 
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Table B.7 Mathematical model representing the relationship between the stimulus 
concentration for 9 major odorants in synthetic swine odor Z2 and the mean perceived odor 
intensity. 
Odorant Coefficient t P 
Intercept 49.97 
Valeric acid 20.16 1.59 0.12 
Butyric acid 5.51 1.22 0.23 
Heptanoic acid 47.33 1.49 0.14 
Phenol 7.82 0.19 0.85 
4-Methyl phenol 22.75 0.67 0.51 
Acetic acid 3.49 4.39 <0.001 
Isobutyric acid 3.93 0.31 0.76 
4-Ethyl phenol -116.45 2.32 0.02 
3-Methyl indole 89.57 2.16 0.04 
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Figure B.l Design of the dynamic emission chamber. 
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Figure B.2 Chromatographic profiles of organic compounds present in A) an air sample 
taken in the odor plume from a high-odor swine manure basin, B) a liquid sample taken 
from the same basin in A and then placed in the dynamic emission chamber, and C) 
synthetic swine odor Z2 placed in the dynamic emission chamber. Chamber operation 
parameters were identical for samples B and C. Chromatographic peak reference numbers 
correspond to compounds listed in Table B.l. 
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Figure B.3 The emission rate of select VOCs in synthetic swine odor Z2 from the dynamic 
emission chamber over a three hour operation period. 
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Figure B.4 The effect of solution concentration on emission rate of acetic acid from the 
emission chamber over a one hour sampling period. The mean and standard deviation for 
four independent samples at each concentration of the odorant solution is shown. 
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Figure B.5 A comparison of processing pathways used in odor quantification by chemical 
and olfactory methods. 
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APPENDIX C. FUNCTIONAL CLASSIFICATION OF SWINE MANURE 
MANAGEMENT SYSTEMS BASED ON EFFLUENT AND GAS EMISSION 
CHARACTERISTICS 
A paper published in the Journal of Environmental Quality1 
J.A. Zahn, J.L. Hatfield, D.A. Laird, T.T. Hart, Y.S. Do, and A.A. DiSpirito 
ABSTRACT 
Gaseous emissions from swine manure storage systems represent a concern to air 
quality due to the potential impacts of hydrogen sulfide, ammonia, methane, and volatile 
organic compounds on environmental quality, human health, and wellbeing. The lack of 
knowledge concerning functional aspects of swine manure management systems has been a 
major obstacle in the development and optimization of emission abatement technologies for 
these point sources. In this study, a classification system based on gas emission 
characteristics and effluent concentrations of total phosphorus (P) and total sulfur (S) was 
devised and tested on 29 swine manure management systems in Iowa, Oklahoma, and North 
Carolina in an effort to elucidate functional characteristics of these systems. Four swine 
manure management system classes were identified that differed in effluent concentrations 
of P and S, methane (CH4) emission rate, odor intensity, and air concentration of volatile 
organic compounds (VOCs). Odor intensity and the concentration of VOCs in air emitted 
from swine manure management systems were strongly correlated (r2 = 0.88). The 
concentration of VOC in air samples was highest with outdoor swine manure management 
systems that received a high input of volatile solids (Type 2). These systems were also 
shown to have the highest odor intensity levels. The emission rate for VOCs and the odor 
intensity associated with swine manure management systems were inversely correlated with 
CH4 and ammonia (NH3) emission rates. The emission rate of CH4, NH3, and VOCs were 
1 Reprinted with permission of J. of Environmental Quality, 2001, 30, 635-647. 
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found to be dependent upon manure loading rate and were indirectly influenced by animal 
numbers. 
INTRODUCTION 
In the United States, approximately 157,000 swine production facilities produce 
103,000,000 hogs yr"1 that are marketed in the U.S. and globally (ASAE, 1988; Harkin, 
1997). Annually, these production facilities produce more than 116,652,300 tons yr'1 of 
manure that is often stored for periods up to 13 months before land application (ASAE, 
1988; Harkin, 1997). Air quality studies have indicated that emissions released from stored 
swine manure have the potential to decay local, regional, and global air quality through the 
discharge of ammonia (NH3) (Harper and Sharpe, 1997; Asman, 1995), nitrous oxide (N2O) 
(Sharpe and Harper, 1998), methane (CH4) (Safley et al., 1992; Sharpe and Harper, 1997), 
hydrogen sulfide (H%S) (Jacobson et al., 1997a), particulate matter (VanWicklen, 1997), and 
volatile organic compounds (VOCs) (Zahn et al., 1997). Much research has focused on the 
development of strategies to reduce or eliminate emissions and odors from stored animal 
manure. However, a major part of this research has not been applied by the swine industry 
due to economic restrictions or due to sporadic or ineffective performance of emission 
abatement approaches (Miner, 1982; Miner, 1995; Miner, 1999). Performance evaluations 
of emission abatement strategies often cite poorly understood microbiological processes or 
other poorly defined intrinsic properties of swine manure management systems as the 
reason for ineffective performance of a particular emission abatement method (Miner, 
1995). However, the exact cause for many of these failures has remained speculative due to 
the lack knowledge concerning functional aspects of animal manure management systems. 
The purpose of this research was to develop a method to functionally classify swine 
manure management systems based on effluent chemical properties and emission rates of 
CH4, NH3, H2S, and VOC. A reliable method to functionally classify manure management 
systems would serve the agricultural industry as a management tool in evaluating best 
management practices for swine manure storage systems and would serve regulators as a 
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rapid method to identify production sites that represent a potential air quality or nuisance 
concern. 
MATERIALS AND METHODS 
Physical and Chemical Characterization of Stored Manure 
Effluent samples (200 ml each) and pH were taken at six locations at the center and 
around the perimeter of the manure management system at a minimum distance of 2.5 
meters from the edge of the storage impoundment and at a depth of 2 cm according to the 
method of DiSpirito et al., (1995). Measurements of pH were taken with a portable 
pH/temperature meter (Model #59002-00, Cole Parmer, Vernon Hills, IL). Total carbon 
(C), nitrogen (N), and hydrogen (H) were determined on oven (100° C) dried effluent 
samples using a Model 2100 Perkin Elmer CHN analyzer. Percent values were converted to 
g L"1 values based on solids content determined by gravimetric methods. Volatile solids 
concentration was determined by the difference in weight of oven-dried (100° C) and ashed 
(550° C) samples. Analysis of main-group elements and transition metal cations was 
performed on microwave digested (method SW 846-3015, CEM Corp., 1996) effluent 
samples according to EPA method SW 846-3015 (CEM Corp., 1996). Quantitative analysis 
of digested samples was performed using a Thermo Jarrel Ash Model ICAP 61E Inductively 
Coupled Plasma-Atomic Emission Spectrometer (ICP-AES) and elemental concentration is 
reported as the mean ± the standard error. Other physical and chemical parameters 
evaluated in this study included bacterial chlorophyll a and b concentration. 
Bacteriochlorophyll a and b was determined as previously described by Siefert et al. (1978) 
and DiSpirito et al. (1995). The bacteriochlorophyll a concentration was calculated 
spectrophotometrically using a molar absorptivity coefficient of 8777 - 75 cm"1 mM"1. 
Lagoons with bacteriochlorophyll a concentrations above 40 nmol/ml are subsequently 
referred to as "photosynthetic lagoons". 
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Description of Swine Manure Storage Facilities, Placement of Air Monitoring 
Equipment, and Statistical Analyses 
Loading criteria and individual site descriptions for 29 swine manure management 
systems located in Iowa (n = 24), Oklahoma (n = 2), and North Carolina (n = 3) that were 
sampled during the months of August and September 1997 are described in Table C.l. 
Individual manure management systems were separated into four main categories (Type 1, 
Type 2, Type 3, and Type 4) based on the concentration of total P and total S present in 
effluent samples. Average physical and chemical properties, as well as management 
attributes for these systems are summarized in Table C.l. Meteorological conditions (wind 
speed, relative humidity, irradiance, solution temperature at a 10 cm depth, and air 
temperature) were monitored continuously and the sample mean was recorded in 0.5 minute 
intervals at the point of air sample collection by an integrated weather station (Sauer and 
Hatfield, 1994) that was positioned at the center of the outdoor manure storage systems. 
Height of the sensors was established by trajectory simulation models described in the 
micrometeorological flux methods section (theoretical profile shape) and was identical to 
the air sampling height used for micrometeorological flux measurements. 
Micrometeorological data was not collected for studies that employed dynamic flux 
chamber methods for determination of CH* flux rates. 
Statistical evaluation of data and experimental designs were performed with IMP 
version 3 statistical discovery software (SAS Institute, Inc., Cary, NC). 
Capture and Analysis of Air Pollutants from Swine Manure Management 
Systems 
Volatile organic compounds (VOC) were captured on a multibed adsorbent tube 
containing a combination of Tenax TA and Carboxen-569 (Supelco, Bellefonte, PA), 
according to the low-volume sampling method developed by Zahn et al. (1997). For air 
sampling of VOC, flow rate through individual thermal desorption tubes was precisely 
regulated at 1.0 L min"1 throughout the 30 min sampling period, using thermal mass flow 
controllers (Series 810, Sierra Instruments, Inc., Monterey, CA) that were connected to a 
common, high-vacuum manifold. Desorption tubes were analyzed by gas chromatography 
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using a flame ionization or mass selective detector as previously described by Zahn et al. 
(1997). 
Ammonia (NH3) was collected from air using two glass impingers (210 ml internal 
volume) arranged in series, each containing 25 grams of 2 mm glass balls. Air samples 
were drawn by vacuum through a submerged fritted glass diffusion tube into 60 ml of 0.2M 
boric acid using a Buck IH sampling pump operated at 1.0 L min"1. The boric acid solution 
was replaced in 30 to 120 minute intervals depending on proximity of the sampler to the 
emission source. Ammonium concentration was determined by the salicylate-nitroprusside 
technique according to U.S. EPA method 351.2 (U.S. EPA, 1979). Solutions of ammonium 
chloride in 0.2M boric acid were utilized as reference standards to determine ammonium 
ion concentration. Hydrogen sulfide (H2S) and CH* were collected in 1.0 L Tedlar gas 
sampling bags and evaluated in the laboratory by previously described gas chromatographic 
methods using either a 0.32 mm x 30 m SPB-1 sulfur fused silica column with flame 
photometric detection (Bulletin 876, Supelco, Inc., Bellefone, PA) or a 1/8" x 8' HayeSep-
Q packed column with thermal conductivity detection (Chan et al., 1998), respectively. Air 
samples for H%S and CH4 analysis were drawn by vacuum into 1.0 L Tedlar gas sampling 
bags using a model 1062 grab sampler (Supelco, Bellefonte, PA) operated at 25 mL min"1. 
Teflon surfaces were equilibrated with analytes (H2S and CH4) present in the air sample by 
performing four fill-purge cycles before collection of the final air sample. Lead acetate 
strips (Model #701, VICI Metronics Inc., Santa Clara, CA) were utilized at the point of air 
sample collection (by Tedlar bag methods) to confirm gas chromatographic results for the 
quantification of H2S. The latter methods indicated that H2S losses due to reaction or 
condensation were less than 4% if samples were analyzed within 6 hours of collection. The 
concentration of CH4 in air was also determined in real-time at two of the 29 swine manure 
management systems noted in Fig. C.l using a tunable-diode laser system operated in the 
infrared region at 2968.4034 cm"1, as previously described by Simpson et al., (1995). 
Concentration measurements of CH4 that were determined using the tunable-diode laser 
were converted to flux using the theoretical profile shape micrometeorological method. All 
other CH4 flux measurements performed in this study used CH4 concentration 
measurements that were determined by the gas chromatographic method. A combination of 
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the air sampling methods described above were used to determine recovery efficiency and 
to validate the H2S and CH4 sampling techniques. 
Evaluation of the Odor Intensity Associated with Swine Manure Management Systems 
Odor intensity was measured by the method of direct scaling in reference to an odor 
standard of defined intensity using three to four trained panelists (Cain et al., 1998; Degel 
and Koster, 1998; Liden et al., 1998; Livermore and Laing, 1998). Direct scaling was based 
on estimation of the intensity of olfactory sensations associated with an odor source by 
assigning numerical values to sensory stimuli. Sensory responses were normalized against 
the artificial swine odor reference standard "Z-2" (Zahn and DiSpirito, 1999), that consisted 
of: 0.05 mM dimethyl disulfide, 8 mM acetic acid, 3.5 raM propionic acid, 0.5 mM 
isobutyric acid, 0.4 mM 2-butanol, 1.4 mM butyric acid, 0.2 mM isovaleric acid, 0.5 mM 
valeric acid, 0.1 mM isocaproic acid, 0.2 mM caproic acid, 0.2 mM heptanoic acid, 0.1 mM 
indole, 0.15 mM 3-methyl indole, 0.2 mM 4-methyl phenol, 0.12 mM 4-ethyl phenol, 0.15 
mM phenol, 0.1 mM benzyl alcohol, 0.15 mM 2-amino acetophenone, 0.1 mM butylated 
hydroxytoluene (added as a preservative), and 8 mM ammonium acetate. Chemical 
composition of the artificial swine odor Z-2 was optimized in a laboratory dynamic flux 
chamber to mimic emission parameters for VOCs emitted from a manure sample collected 
from a high-odor, Type 1 swine manure management system (Zahn et al., 2000b). Pure 
compounds were dissolved in warm (45° C) water while stirring and the solution pH was 
frequently adjusted to pH 7.0 with 2 M potassium hydroxide. Approximately 15 mL of the 
solution was transferred to an amber serum vial (30 ml nominal volume), was capped with a 
silicone/Teflon septum, and then degassed under repeated cycles of vacuum and argon to 
create an anaerobic headspace. Samples were stored in the dark at ambient temperatures 
until they were used. Panelists were provided the synthetic swine odor solution Z-2 in an 
uncapped 30 ml serum vial, a solution of 2 mM n-butanol in a 30 ml serum vial, and a site 
odor evaluation worksheet, previously described by Zahn (1997). Panelists then evaluated 
the n-butanol solution that was considered neutral (grade 3/10), and the Z-2 solution that 
was considered unpleasant (grade 6.5/10), at a neutral distance (>1000 m) from the manure 
management system. Panelists were then positioned in the emission plume from the manure 
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management system (1.5 m from the emitting source at a height of 1.5 m) and asked to 
compare the odor intensity to the reference standards. Numerical evaluations of the swine 
manure management systems ranged from neutral (3) to unbearable (10), and are reported 
as the sample mean. Air samples for VOC analysis were collected at the receptor (1.5 m 
from the emitting source at a height of 1.5 m) throughout the odor evaluation period. 
Measurement of CH4 Flux, VOC Concentration, and Odor Intensity from 29 Swine 
Manure Management Systems 
An initial screening study was completed at 29 swine manure management systems 
to measure the flux rate of CH4, odor intensity, concentration of VOCs in air at the point of 
the odor intensity measurements, and analytes in the effluent fraction. The flux rate of CH4, 
for this initial screening study, was measured at 29 manure management systems (lagoons, 
earthen basins, cement-lined basins, steel-lined tanks, and confinement pits) using a flux 
chamber described by DiSpirito and Zahn (1998). The dynamic flux chamber method was 
found to be most suitable for screening large sample numbers due to the minimum operation 
requirements, portability, and reliability for measurement of non-reactive gases such as CH4 
(Chan et al., 1998). The dynamic flux chamber was positioned near the center of the swine 
manure management system, with the exception of deep and shallow pit systems, which 
were sampled at the pump-out positions near the wall of the pit. Chamber operational 
parameters were modified from semi-static to dynamic mode by installation of a sweep gas 
manifold. Compressed air (containing 1.1 parts per million by volume or 0.77 mg m"3 CH4) 
sweep gas was provided to the enclosure at a flow rate of 2.0 L min"1 in a demand mode. 
Air pressure within the chamber was maintained at barometric pressure through the use of a 
silicone oil (impinger) purge valve, positioned on the gas supply manifold. The static 
pressure differential was maintained at 0 ± 1.5 kPa throughout the collection period with the 
use of a mercury manometer. Gases were removed from the chamber through 0.635 cm ID 
Teflon tubing that was attached to a vacuum pump through an inline mass flow controller 
set at 2.0 L min"1, following a 1 hr chamber equilibration period. Six individual air samples 
(-750 ml each) were collected over a 3-hour sampling period. Samples were analyzed for 
CH4 concentration by gas chromatography within 6 hours of sample collection. The 
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concentration of CH4 in air samples was converted to trace gas flux density (f) through the 
equation: 
(1) f =(s/a) (Co-Cj) where: 
s = sweep flow rate (2.025 L min-1), A = chamber basal area (2500 cm2), C0 = 
concentration of methane in the exit air (mg m"3), and Q = concentration of CH4 in the 
sweep gas (0.77 mg m"3). In addition to the collection of samples for CH4 flux 
measurements, odor intensity and VOC concentration in air were taken at the receptor (1.5 
m from the emitting source at a height of 1.5 m). Samples were collected at 1.0 L min"1 
during the 30 min olfactory evaluation period. 
Detailed Studies of Gas Flux Rates from Four Swine Manure Management Systems 
The flux rate of CH4, H%S, NH3, and VOCs was measured continuously at four 
swine manure management systems, throughout a 24 hour period using the theoretical 
profile shape micrometeorological flux measurement method. The four sites chosen for this 
comprehensive study represented each of the four classes of swine manure management 
systems defined in Table C.l. The theoretical profile shape method was chosen instead of 
chamber methods, since the latter methods adversely affected VOC emission profiles. 
Higher flux rates of disulfide compounds (dimethyl disulfide and dimethyl trisulfide) and 
lower flux rates of sulfide compounds (methyl mercaptan) were consistently observed with 
flux chamber methods when compared to micrometeorological methods. This observation 
indicated that the chamber surfaces were potentially the site of oxidation reactions for 
reactive gases (H2S, NH3, and VOCs). These results are consistent with previous studies 
that show significant reduction in the concentration of VOCs collected from air if samples 
were drawn through glass or polymeric tubing (Zahn et al., 1997). 
The flux of NH3, H2S, CH4, and VOCs from the lagoon were measured using the 
theoretical profile shape method described by Wilson and coworkers (1982). The emission 
rate of gases from a circular source plot was calculated with the following equation: 
(2) ^(0) = 
0 
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Where Fz(0) is the vertical flux rate in |ig cm"2 s"1, O is the non-dimensional 
normalized horizontal flux predicted by the trajectory simulation model and (uc)measured is 
the product of the measured average wind velocity and air concentration of analyte in m s"1 
and pig m"3, respectively (Majewski et al., 1989; Majewski, 1990). Flux measurements were 
completed at the center of swine waste management systems with a circular shape. System 
classification based on the concentration ratio of phosphorus to sulfur (Table C.l) and the 
requirement for circular manure management systems served as the major criteria for 
selecting the four swine waste management systems that were sampled for follow-up 
studies. 
The surface roughness was determined before the sampling period began by 
performing mean wind velocity profile measurements at 0.2, 0.5, 1.0, 2.0, and 3.0 m for a 
period of 1 hour at the center of the swine manure management system with cup 
anemometers (model 03101-5, R.M Young Co., Traverse City, MI). The mean value for 
roughness length at the surface of outdoor swine manure management systems, during 
periods of neutral atmospheric stability (mid-morning), was 0.10 ± 0.02 cm (mean ± std. 
error). The following measurement parameters were used to establish the sampling height: 
Type 1 = total mechanically-ventilated exhaust flow rate = 110,000 m3 hr"1, sampling 
position at the fan orifices (4 total); Type 2 = 39 m diameter basin, z=ZINST(0.1 cm 
roughness length, 1950 cm radius = 70 cm sampling height); Type 3 = 92 m diameter 
lagoon, z=ZINST(0.1 cm roughness length, 4600 cm radius = 189 cm sampling height); 
Type 4 = a primary 100 m diameter photosynthetic lagoon, z=ZINST(0.1 cm roughness 
length, 5000 cm radius = 191 cm sampling height). Error in measurement height that was 
associated with temporal changes in roughness length for the lagoon surface was estimated 
to cause a maximum error of 8% in the height parameter for emission measurements. 
Flux measurements using the theoretical profile shape method were based on the 
concentration of airborne analytes present at a measurement height (z) and meteorological 
data, collected at the same point (Majewski, 1990). Measurement height (z) was calculated 
by trajectory simulation models and was based on system surface area and roughness length 
(Wilson et al., 1982). In addition to the air samples that were collected over the emitting 
source, 2-5 air samples were collected at the beginning of each sampling period, upwind 
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from each manure storage system, to assess background air concentrations of target analytes 
and to confirm the source of these emissions. Background analyte concentrations were 
assumed to remain constant throughout the sampling period and were subtracted from 
analyte concentrations that were observed above each emitting source. Background 
concentrations for analytes at each of the four sites sampled in follow-up studies were: Type 
1: 6.0 parts per billion by volume (ppbv) (8.5 jig m"3) H%S, 15.0 ppbv (11.1 |xg m"3) NH3, 
and 1.3 parts per million by volume (ppmv) (0.91 mg m"3) CH4. Type 2: 15 ppbv (21.3 gg 
m"3) H2S, 11.0 ppbv (8.1 jug m"3) NH3, and 1.3 ppmv (0.91 mg m"3) CH4. Type 3:12 ppbv 
(17.1 ng m"3) H2S, 7.0 ppbv (5.2 |ig m"3) NH3, and 1.2 ppmv (0.84 mg m"3) CH4. Type 4: 
9.0 ppbv (12.8 |ig m"3) H2S, 8.0 ppbv (5.9 p,g m"3) NH3, and 1.3 ppmv (0.91 mg m"3) CH4. 
The concentration of VOCs in background air samples was below the detection limit of 0.2 
ppb for all samples that were analyzed. 
Flux rate measurements for the mechanically-ventilated deep-pit swine manure 
management system (animal confinements) was performed by continuously monitoring 
exhaust flow rate during the sample collection period at two pit fan and two ventilation fan 
orifices using a 3-D sonic anemometer (Campbell Scientific, Logan, UT). Air samples were 
collected near the lower sensor arm on the anemometer in the exhaust stream. 
RESULTS AND DISCUSSION 
Initial Evidence that Methane Emission Rate is Dependent Upon Manure 
ManagementSystem Environment 
Studies were conducted on two types of manure management systems located on a 
feeder-to-finish swine production facility in central Iowa in August 1997 to assess 
differences in CH4 emission rate that could be attributed to differences in manure 
management system environment. Swine waste material entering the manure management 
system environments originated from animals of the same breeding population that were fed 
identical diets, were of similar weight, and were managed under similar management 
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routines (feeding schedules and rates). Volatile solids loading rate, however, differed 
between the two systems by over 300-fold (37 versus 0.12 kg volatile solids day"1 m"3). For 
the basin system (37 kg volatile solids day"1 m"3), manure was emptied daily from the 
confinement into an outdoor concrete holding tank and for the lagoon system (0.12 kg 
volatile solids day"1 m"3), manure was flushed into the earthen holding basin by an 
intermittent loop flush system. Methane flux measurements were performed on three 
separate occasions in August 1997 with a tunable-diode laser over the center of the manure 
management systems using the theoretical-profile-shape method for measuring evaporative 
fluxes (Fig. C.l). While similar CH4 flux values were observed for systems over the three 
separate sampling periods, only a single comparison is reported, since this sampling period 
demonstrated the greatest similarity between sites for environmental conditions known to 
influence CH4 flux. Measured environmental conditions over the 68 hour sampling period 
included wind speed (2.2+0.14 versus 2.4+0.12 m s"1 [mean and standard error mean]), 
irradiance (298+35 versus 305±30 W cm"2), relative humidity (RH) (85+2 versus 78+2 % 
RH), air temperature (18.6±0.4 versus 22.6±0.5°C) and solution temperature at a 10 cm 
depth (27+O.2 versus 23±0.3°C) for the lagoon and basin, respectively. Results from CH4 
micrometeorological flux measurements indicated that there were statistically-significant 
differences in both the flux rate (O.35+O.O2 versus 0.13±0.01 jug CH4 cm"2 s"1 [mean and 
standard error mean]) and emission rate (14.7 versus 0.5 g CH4 system"1 s"1) for the lagoon 
and basin, respectively (Fig. C.l). Current literature values for CH4 emissions from stored 
swine manure have been reported over a range of nearly two orders of magnitude (Harper 
and S harpe, 1997). Harper and Sharpe (1997) proposed that the discrepancies between 
emission values might be explained by differences in measurement methods or due to 
atypical flux event periods. In addition to these explanations, results described in these 
experiments indicate that manure management environment, and specifically loading rate, 
may significantly influence the flux rate of CH4. While these observations are not novel in 
the context of laboratory anaerobic digestion processes (Oleszkiewicz and Sharma, 1990; 
Hill and Bolte, 1989), they do represent the first report of such a phenomena occurring 
under production scale conditions in an animal manure management system. The 
proceeding experiments were focused on defining relationships between effluent chemical 
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properties of various swine manure management systems and observed emission 
characteristics in order to further define the relationship between system loading rate and 
emission rate of CH4, NH3, H2S, and VOCs. 
Classification of 29 Swine Manure Management Systems Based on Solution-
Phase Chemistry and Methane Emission Rate 
The concentration range for elements found in the swine manure storage systems 
sampled in this study were found to be similar to those previously reported by Giusquiani et 
al (1998), Japenga and Harmsen (1990), and Zahn et al (1997) (Table C.l). There was a 
weak positive correlation observed between volatile solids loading rate and concentration of 
elements for each of the samples evaluated (Table C.l). Individual correlations between 
element concentration and volatile solids loading rate indicated that volatile solids loading 
rate could account for 48 to 76% of the variability observed with effluent concentration of 
elements. This inadequacy of volatile solids loading rate to account for differences in 
effluent elemental composition for various swine manure management systems, in addition 
to the low-throughput of volatile solids measurements, indicated that the solution 
concentration of elements may provide a more appropriate means to classify swine manure 
management systems. 
In the search for useful effluent chemical classification criteria, 45 pairwise 
comparisons were made between the concentrations of elements present in the 29 site 
samples. The nonparametric measure of association for each pairwise comparison is shown 
in Table C.2. In general, a lower level of correlation was observed for pairwise 
comparisons made between elements showing opposite partitioning behavior (Table C.2). 
For example, transition metal ions have been shown to partition strongly into the sludge or 
particulate fraction of the manure, while sodium (Na), potassium (K), and to a lesser extent, 
phosphorus (P), magnesium (Mg), and sulfur (S), demonstrate neutral or preferential 
partitioning behavior into the supernatant fraction of the manure (Giusquiani et al., 1998; 
Zahn et al., 1997). Therefore, the concentration of transition metal ions in samples is highly 
dependent upon the concentration of suspended solids, while Na and K are nearly 
independent of the concentration of suspended solids. High correlation coefficients were 
observed for pairwise comparisons between several transition metals, for several transition 
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metals and a small number of main group elements, and finally, for P and S concentrations 
in the 29 site samples. However, only one pairwise comparison (P and S) demonstrated 
clear functional clustering of manure management systems based on system CH4 emission 
rate, air concentration of VOCs, or odor intensity (Fig. C.2, Table C.2). 
The 29 swine manure management systems were observed to cluster into four 
distinct system subtypes (Type 1, Type 2, Type 3, and Type 4) based on the concentration 
of S and P in the effluent fraction (Fig. C.2, Table C.l). No statistical differences were 
observed for CH4 emission rates between Type 1 and 2 systems, nor between Type 3 and 4 
systems. However, CH4 emission rates for all other comparisons were statistically different 
(Fig. C.2B). The mean odor intensity values for sampling sites showed a clustering 
behavior that was similar to the clustering of data points based on effluent P and S 
concentrations or system CH4 emission rate. However, odor intensity showed nearly an 
inverse relationship to CH4 emission rate, with the highest odor intensities occurring with 
manure management systems having the lowest CH4 emission rates (Type 1 and 2 systems). 
Odor intensities and VOC concentrations in Type 2 systems were consistently 
higher than measurements performed on Type 1 systems. This result was not entirely 
consistent with effluent P and S concentrations or with system CH4 emission rates, which 
predicted Type 1 systems to have the highest odor intensities and air concentrations of 
VOCs. Gas transfer coefficients for CH4 and VOCs are known to differ by several hundred­
fold (Maclntyre et al., 1995). In addition to large differences in gas transfer coefficients for 
CH4 and VOCs, surface exchange rate for some VOCs is known to be influenced by 
effluent chemical events that include ionization (pH), hydrogen bonding, and surface slicks 
(Maclntyre et al., 1995). For these reasons, CH4 is not an appropriate criterion for 
predicting VOC volatilization potential between swine manure management systems. 
Wind, temperature, and irradiance are known to be major factors in the emission rate of 
sparingly soluble gases (VOCs) from liquid or semi-solid surfaces (Maclntyre et al., 1995; 
Zahn et al., 1997). Based on the VOC transfer coefficient calculations from Maclntyre et al. 
(1995), the difference due to wind and temperature exposures between outdoor and indoor 
manure management systems can account for between 51% to 93% of the observed 
differences in VOC emissions. This analysis provides evidence that exposure factors can 
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account for differences observed in VOC flux rates, VOC air concentrations, and odor 
intensity between Type 1 and 2 systems. 
Swine manure management systems are often designed to release gases produced in 
anaerobic decomposition processes into the atmosphere. Within these systems, a complex 
consortium of microorganisms (anaerobic food chain) decompose complex biological waste 
material to end products including CH4, H2S, CO2, and NH3 (Gottschalk, 1988; Lana et al., 
1998; Mackie et al., 1998; Fenchel and Finlay, 1994). The anaerobic food chain is often 
functionally separated into microorganisms catalyzing acid-producing reactions from 
complex organic substrates and Archaea, that catalyze CHi-producing reactions from 
products formed in the breakdown of complex organic substrates (Deppenmeier et al., 1996; 
Fenchel and Finlay, 1994). The emission rate of CH4 and partially decomposed microbial 
substrates (volatile fatty acids) has been previously employed as an indicator to assess 
functional coupling between processes in the anaerobic food chain in anaerobic digesters 
(Hill and Bolte, 1989). Overloaded anaerobic digestion processes have been correlated with 
high emission rates of VOCs and low emission rates of CH4, while optimum loading rates 
promote high bioconversion efficiencies of complex organic matter into CH4 (Hill and 
Bolte, 1989). Data in Figure C.2 and Table C.l provide evidence that the biological 
processing events occurring in high-load systems (Type 1 and Type 2) may result from the 
functional decoupling of the anaerobic food chain. This observation is further supported by 
the fact that these same systems show an accumulation of organic (particulate C, H, N) 
material (Table C.l) and high air concentrations of VOCs (Fig. C.3; Table C.3). In contrast, 
the high emission rates for CH4 and low liquid-phase organic content (particulate C, H, N) 
associated with Type 3 and 4 systems (Table C.l) indicates that the environment in these 
systems provides for relatively more efficient bioconversion of complex organic substrates 
into CH4. 
Data reported in this study were collected in three geographical regions of the U.S. 
over a six week period in the late summer (August and September, 1997). This 
experimental design was chosen based on previous reports that bacterial photosynthetic and 
SO4 reduction activities in swine manure management systems located in northern U.S. 
climates reach a near steady-state condition during this time period (Do et al., 1998; Do et 
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al., 1999; Jacobson et al., 1997b). A second objective of this design was to identify 
differences in emission or effluent properties of swine manure management systems that 
could be attributed to geographical location (Iowa, n = 24; Oklahoma, n = 2; and North 
Carolina, n = 3). However, no significant differences were observed in any of the 
parameters measured in this study when "like" manure management systems (i.e., 
photosynthetic lagoons versus photosynthetic lagoons) were compared on the basis of 
geographic location. While the certainty of this finding is diminished by the low sample 
number, it was not entirely surprising that effects of geographic location played a minor role 
in the emission characteristics of (steady-state) manure management systems when 
contrasted to the effects due to loading rate. While the effects of geographic location on 
emission parameters appeared to be insignificant, geographic location was found to 
influence the rate at which the apparent steady-state condition was achieved. Based on the 
population dynamics of purple non-sulfur photosynthetic populations, it has been noted that 
that the apparent steady-state condition occurs at least 1.2 months earlier in North Carolina 
lagoons when compared to comparable lagoon systems in Iowa (Do et al., 1998). The 
seasonal transition in P and S concentrations for photosynthetic lagoons in Iowa progress 
from "basin-like" characteristics in early spring (100 mg L"1 P and 30 mg L"1 S) to 
intermediate concentrations ("lagoon-like") in late spring (60 mg L"1 P and 16 mg L"1 S), to 
low concentrations during the photosynthetic bloom event in late June (1 mg L"1 P and 8 
mg L"1 S) (Do et al., 1998). Maximum methane flux during these transition events was 
observed to occur shortly (2-9 days) before the photosynthetic bloom (Do et al., 1998). 
These studies indicate that the P and S concentrations may provide valuable swine manure 
management classification information regardless of the season or geographical location. 
Relationships between Emission Chemistry and Odor Intensity 
Several recent investigations have attempted to define relationships between 
chemical concentration of specific gases and odor concentration or intensity (Hobbs et al. 
1995, Jacobson et al. 1997a, Jacobson et al. 1997b, Obrock-Hegel 1997, Pain et al. 1990). 
Obrock-Hegel (1997), found that nutritional manipulation of amino acid intake reduced 
NH3, cresols, and indoles measured in air samples from production environments. 
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However, no reduction in odor concentration was observed between control and treatment 
samples. Schulte et al. (1985) and Hobbs et al. (1995), linked high levels of ammonia 
(NH3) to odor. Unfortunately, the latter authors noted that the relationship between NH3 
and odor could not be universally applied to all farms, especially when they differed in the 
type of manure management system utilized. The use of hydrogen sulfide (H%S) as a 
surrogate of livestock manure odor has also proven to be a formidable challenge. Jacobson 
et al., (1997a) evaluated odor and H2S concentration in air from approximately 60 different 
pig, dairy, beef, and poultry manure storage units on farms in Minnesota. Low correlation 
was observed between H2S and odor concentration for manure storages based on a species 
comparison and for production systems grouped according to manure management system 
type (pit, basin, and lagoon). The study further suggested the possibility that chemical 
odorants other than H2S (i.e., VOCs) were responsible for swine odor. In support of this 
conclusion, Powers et al., (1999) recently demonstrated that effluent concentrations of 
several VOCs, present in anaerobic digester effluent were correlated with odor intensity. 
However, effluent concentration of VOC did not predict odor intensities well enough to 
suggest that human panels should be eliminated. Data quality in this study was likely 
influenced by the fact that correlations were not performed in a similar matrix (air versus 
liquid). Previous studies have established that effluent measurements often provide an 
inaccurate representation of malodor potential and therefore, represent an inappropriate 
comparison (Zahn et al., 1997). 
To test the potential relationship between airborne VOCs and swine manure odor, 
odor intensity and air concentration of VOCs were determined simultaneously at the 29 
swine production facilities. Figure C.2C shows the relationship between average odor 
intensity, assessed through direct scaling techniques using a defined odor intensity, and the 
total air concentration of VOCs present at the receptor. The relationship between mean 
odor intensity and air concentration of VOCs was observed to obey Michaelis-Menten 
kinetics, with a Michaelis constant (Km) of 95 gg m"3 VOCs and receptor saturation 
occurring at 1250 p,g m"3 VOCs (Fig. C.2). The saturation properties showed typical 
second-order kinetics and were characteristic of a receptor-ligand process. A qualitative 
analysis of VOCs present at sites representing the four classes of swine manure 
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management systems is shown Figure C.3 and Table C.3. The gas chromatography-flame 
ionization detector (GC-FID) chromatograms from deep pits or basins produced high odor 
intensities and relatively intense signal responses but were chemically-simplistic in nature 
when compared to chromatograms from lagoons (Fig. C.3; Table C.3). These results 
provide evidence that chemical concentration rather than diversity is the largest determinate 
in the odor intensity response associated with swine manure odor. This observation is 
important since the ability to define odorant synergisms and antagonisms has been 
suggested to be the most significant obstacle in applying chemical methods in odor 
measurement (Mackie et al., 1998). Data presented in Figure C.2C provide evidence that 
the total air concentration of non-methane VOCs predict the odor intensity associated with 
swine manure management systems evaluated in this study. 
Odor measurement methods using human olfactory senses are based on the use of 
psychophysical theory. As the name implies, psychophysical methods are based on 
relationships between psychological and physical attributes of sensory stimuli. The 
intensity of olfactory stimuli reported by an individual is related to stimulus magnitude. For 
many odorants used in the food and fragrance industry, there is a linear relationship between 
log olfactory intensity reported by the individual and the air concentration of the odorant(s) 
present in air (Turk and Hyman, 1991). This relationship between perceived olfactory 
stimuli and intensity of sensation is referred to as the fundamental psychophysical law 
(Stevens, 1957; Stevens, 1962). Data reported in Figure C.2C show that the total air 
concentration of VOCs correlate well to the log stimulus intensity (r2 = 0.88) and therefore, 
conforms to the fundamental psychophysical law. In agreement with other olfactory 
studies, we observed that data quality was influenced by variables associated with the 
subjective nature of intensity scales, fatigue, sex, age, race, and visual cues (Cain et al., 
1998; Degel and Koster, 1998; Liden et al., 1998; Livermore and Laing, 1998; Turk and 
Hyman, 1991). However, the use of the defined odor standard Z-2 was found to reduce 
most of the sampling variability associated with intensity scales. Evidence for this 
conclusion was provided by the low average standard deviation reported by panelists for site 
evaluations (avg. std. dev. = 0.14 odor units). A prerequisite that underlies all olfactory 
methods is the ability to define and properly sample chemical odorants that constitute a 
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particular odor. Accomplishing this objective has been a formidable challenge, since it 
requires the use of both olfactory and analytical methods to validate sampling methods. The 
results of this study demonstrate utility of chemical methods in odor analysis and in the 
validation of air sample collection methods (i.e., Teflon bag sampling). 
Emission Rate of Air Pollutants from Swine Manure Management Systems 
Analysis of CH4 emission rates, airborne VOC concentration, and odor intensity for 
the 29 swine manure management systems evaluated in this study indicated that manure 
management systems could be functionally classified according to the ratio of P to S 
concentrations. This analysis, however, provided limited insight into the differences in 
microbial processes associated with these systems. In an effort to further elucidate chemical 
and biological differences associated with the system classification, a detailed evaluation of 
effluent characteristics and gases (HzS, NH3, CH4, VOCs) was conducted at four swine 
manure management systems that represented each of the four system classes. Each of the 
swine manure management systems chosen for the follow-up study were shown to exhibit 
the same relative profiles in CH4 emission rate regardless of the flux measurement strategy 
employed (Table C.l, chamber-based vs. Table C.4, micrometeorological-based). These 
results provided additional support that manure management loading parameters influenced 
bioconversion efficiency. In systems with relatively low emission rates of CH4 and NH3 
(Type 1 and 2 systems, Tables C.3, C.4, and C.5), high concentrations of organic carbon 
and nitrogen (particulate C, H, N) were found to accumulate in the solution phase (Table 
C.l). These systems were also observed to have the highest odor intensities. In contrast, 
Type 3 and 4 systems showed a lower tendency to accumulate effluent organic material 
(Fig. C.3; Tables C.l and C.3) and a much higher emission rate of CH4 (Fig. C.2; Table 
C.l). 
The emission rate of hydrogen sulfide (HzS) appeared to be independent of the 
manure management system classification developed in this study (Table C.5). This 
observation was unexpected since the emission rate of CH4, NH3, and VOCs were 
dependent upon the type of manure management system utilized (Fig. C.2; Table C.5). 
Common precursors of HzS in anaerobic swine manure management systems may include 
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cysteine (cystine), methionine (indirect biotransformation), sulfur (So), thiosulfate (S2O3), or 
sulfate (SO4). Sulfate (SO4) is known to play a major role in mammalian physiology and is 
released (-0.1 to 1.4 g of SO4 day"1) in urinary excretions as SCVorganic conjugates or SO4 
salts (Lehninger, 1988). Based on a daily SO4 excretion rate of 0.13 g SO4 pig"1 day"1 and a 
complete conversion to H2S, a production facility with 4560 pigs (Site A, Table C.5) is 
estimated to emit 593 g H2S day"1 through dissimilatory SO4 reduction processes 
(Gottschalk, 1988; Postgate, 1984). This calculated value is similar to the observed daily 
H2S emission rate (Table C.5, Site A), indicating that urinary SO4 excretions may account 
for a significant proportion of the sulfur (S)-precursors contributing to the H2S emissions 
measured in this study. The finding that SO4 may be the major S-precursor contributing to 
H2S emissions provides microbiological insight into why H2S emissions might be 
independent of manure management system classification. All complex, organic forms of 
sulfur (S) require energy expenditure to produce volatile, S-containing gases (i.e., formation 
of methyl mercaptan or dimethyl disulfide from methionine; Gottschalk, 1988). Energy 
consuming microbial processes have been shown to be highly sensitive to effluent 
environmental parameters such as metal ion concentration and concentration of organic 
matter (Oleszkiewicz and Sharma, 1990; Hill and Bolte, 1989). In contrast, SO4 reduction 
is an energy-yielding process that is highly favorable under environmental conditions 
observed in all manure management systems evaluated in this study. These results suggest 
that future mass-balance studies should aim at characterization of the S-cycle in swine 
manure management systems with special emphasis on sources and fate of SO4. 
Manure management systems with high loading rates and relatively low CH4-
producing activity showed up to a 26-fold increase in total VOC emissions when compared 
to low-odor photosynthetic lagoons (Fig. C.2 and Table C.5). The data indicate that VOCs 
are more likely to be of concern with systems employing high loading rates, while CH4 and 
NH3 are likely to be more problematic with systems employing lower loading rates. In 
addition to nuisance concerns, elevated VOC concentrations may present a concern to 
human health. A small number of regulated industrial pollutants are present in airborne 
emission streams from swine production facilities (Table C.3). The air concentrations for 
these compounds at the source were found to be at least one order of magnitude below 
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exposure levels established for safe work environments by occupational health 
organizations (Plog, 1988). However, the use of industrial exposure indices may not be 
appropriate for assessing exposure to animal waste emissions due to the following 
considerations: First, several agricultural waste pollutants are unique to agricultural 
systems and thus, have no established exposure indices. Second, bioactive airborne 
pollutants, such as microbial secondary metabolites, remain largely uncharacterized from 
swine production systems. Bioactive compounds have been identified as a serious human 
health risk, since many of these compounds have been shown to influence mammalian cell 
physiology in the part per billion and sub-part per billion range (Andersson et al., 1998). 
Third, there is a lack of information on the acute and chronic toxicological impacts of VOCs 
derived from swine manure on children and individuals of compromised health. This 
concern is reflected in recent epidemiological studies that have shown a higher incidence of 
psychological dysfunction and health-related problems in individuals residing near large-
scale swine production facilities (Thu et al., 1997; Schiffman et al., 1995). 
Ammonia emissions from the four intensively studied swine production systems 
were found to violate release reporting requirements for NH3 under the U.S. EPA 
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, U.S. 
EPA, 2000). Emergency Planning and Community Right-to-Know Act (EPCRA) section 
329(4), defines facility to include stationary structures on a single site, or on contiguous or 
adjacent sites owned or operated by the same person. Under this definition, the aggregated 
emission rate of registered hazardous substances (i.e., NH3, HzS, VOC, particulate matter) 
from all swine production facility point sources is subject to release reporting requirements. 
The current reporting requirements for NH3 (and H%S) are set at 100 pounds of NH3 day"1 
(CERCLA, U.S. EPA, 2000). The range for NH3 emissions from the four intensively 
studied swine production sites ranged from 101.7 kg NH3 day'1 (224 lbs. NH3 day"1) to 
369.2 kg NH3 day"1 (813.9 lbs. NH3 day"1). The observed aggregate emission rates for 
swine production facilities evaluated in this study exceed the CERCLA reporting 
requirements for NH3 by 55% to 88%. Under section 304 of EPCRA, the "owner or 
operator" of a facility is required to report immediately to the appropriate State emergency 
response commissions and local emergency planning committees when there is a release of 
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a CERCLA hazardous substance. The results indicate that NH3 emissions from swine 
production facilities have the potential to exceed release reporting requirements enforced by 
the U.S. EPA. 
Lagoons with established anoxic bacterial photosynthetic populations (Type 4 
systems; bacteriochlorophyll a concentrations above 40 nmol/ml) showed lower odor 
intensities, lower air concentrations of VOCs, and lower emission rates of VOCs when 
compared to other swine manure management systems (Fig. C.3; Tables C.3 and C.4). 
Photosynthetic bacteria carry out the process of photosynthesis under anaerobic conditions. 
These requirements for photosynthesis differ greatly from algae and plant species that use 
water as an electron source for photosystem II and evolve oxygen in this reaction 
(Kobayashi and Kobayashi, 1995). Instead of utilizing water as a reductant, anoxic 
photosynthesis is dependent on substrates such as H2S, hydrogen (H2), and VOCs to provide 
reducing equivalents, while light from the sun provides the energy source (Gottschalk, 
1988). Bacteria capable of anoxic photosynthesis are categorized into one of four major 
groups (purple sulfur, purple non-sulfur, green sulfur, and green-gliding) based on the 
presence of specific types of bacteriochlorophyl, phylogenetic characteristics, and metabolic 
capabilities (Gottschalk, 1988; Siefert et al., 1978). All four groups of photosynthetic 
bacteria are able to utilize organic substrates (VOCs) as a source of carbon and the green-
gliding and purple bacteria are able to use organic substrates as proton donors. However, a 
novel species of Rhodobacter (Rhodobacter sp. PS9) dominates the photosynthetic 
population (~20% of the total microbial community structure) in all photosynthetic swine 
lagoon systems examined in this study (Do et al., 1998; Do et al., 1999). The physiological 
characteristics of this purple non-sulfur photosynthetic bacterium provides evidence for the 
observed degradation of VOCs and decreased odor emissions from photosynthetic swine 
waste lagoons. 
CONCLUSIONS 
The lack of knowledge concerning functional aspects of swine manure management 
systems has complicated present efforts to develop or improve emission abatement 
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technologies to meet the stringent air quality and nuisance regulations presently imposed by 
several States. The task of elucidating functional aspects of swine manure management 
systems is often convoluted by the plethora of manure management strategies presently 
used in the swine industry. In the absence of appropriate compatibility or functional 
measures, emission abatement strategies are often paired with swine manure management 
systems based only on empirical observations. As a result, the performance of these 
abatement methods is difficult to predict and often impossible to improve through scientific 
methods. Effluent concentrations of P and S are shown in this study to be a useful tool in 
the classification of swine manure management systems according to functional aspects of 
the system. The methods described in this study provide an inexpensive means to rapidly 
assess best management practices for swine manure management systems and also provide 
a means by which to identify swine production systems that represent a potential air quality 
or nuisance concern. 
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Table C.l Physical properties, elemental composition, and CH4 emission rates determined 
by flux chamber methods for 29 swine manure management systems located in Iowa, 
Oklahoma, and North Carolina during the months of August and September, 1997. Values 
represent the mean ± the standard error of the mean. 
Parameter f Site Classification X 
Type 1 $ Type 2 Type 3 Type 4 
Site number (n) n = 6 n = 7 n = 6 n = 10 
Manure management DP; n = 5 EB; n = 3 L; n = 6 PL; n= 10 
system description PP; n = 1 CLB; n = 3 
ST; n = 1 
Methane emission rate 636 ± 47 1830±148 13900 ±760 11990 ±540 
(g CH4 system"1 hr"1) 
Volatile solids loading rate 79 ± 3.0 35 ± 2.6 0.3 ± 0.05 0.07 ± 0.02 
(kg VS day"1 m"3) 
pH 7.1 ±0.04 7.3 ± 0.06 7.3 ± 0.06 7.1 ±0.03 
Solid content (mg/ml) 21.9 ±0.9 13.4 ±0.6 3.8 ±0.4 2.8 ±0.1 
% Carbon (% dry mass) 37.2 ± 0.6 33.7 ±0.5 16.6 ± 0.3 14.1 ±0.3 
% Hydrogen (% dry mass) 5.2 ± 0.3 4.9 ± 0.2 2.3 ± 0.2 1.8 ±0.1 
% Nitrogen (% dry mass) 3.0 ±0.2 2.9 ± 0.2 1.8 ±0.2 1.5 ±0.1 
Ca (mg/L) 301 ±38 173 ±24 58 ±5 119 ± 10 
Cu (mg/L) 18 ±6.2 1.7 ±0.2 0.2 ±0.1 0.2 ±0 
Fe (mg/L) 47 ±21.5 8.9 ± 1.2 1.2 ±0.2 0.7 ± 0.4 
K (mg/L) 1380 ±400 1040±134 624 ±18 0.9 ±0.3 
Mg (mg/L) 128 ± 19 62 ±10 20 ± 1.6 39 ±4.0 
Mn (mg/L) 3.2 ±0.8 0.9 ± 0.2 0.1 ±0 0.3 ± 0.2 
Na (mg/L) 241 ± 86 225 ± 20.8 165 ± 4.6 18 ±6.3 
P (mg/L) 504 ± 26 153 ± 12.1 65 ± 4.5 0.2 ±0 
S (mg/L) 108 ±8 39 ±5.3 15 ±0.4 8± 1.8 
Zn (mg/L) 18.7 ±8 2.7 ± 0.4 0.4 ±0.1 0.1 ±0 
f Values represent the mean for samples listed in Fig. C.l. Instrumental error was < 1% 
for 
CHN analysis and <0.1% for ICP-AES analysis. 
X Manure storage system designation as defined in Fig. C.l. Type 1 systems represent 
confinement buildings with short and long term, under-slat storage (pull-plug and deep-
pit systems). Type 2 systems represent earthen, concrete, or steel-lined manure storage 
basins. Type 3 and Type 4 systems represent lagoon systems without and with anoxic 
photosynthetic blooms, respectively. Subclassification designations: PL = phototrophic 
lagoon; L = lagoon; EB = earthen basin; CLB = concrete-lined basin (outdoor); ST = 
steel tank (outdoor); DP = deep pit; PP = pull-plug. 
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Table C.2 Results for the pairwise comparison of element concentrations present in effluent 
samples from 29 swine manure management systems. Values indicate the nonparametric 
measure of association between pairwise comparisons of elements. 
Nonparametric measure of association (Spearmans rho value) 
Element Ca Cu Fe K Mg Mn Na P S Zn 
Ca 1 0.65 0.80 0.92 0.82 0.37 0.66 0.66 0.66 0.66 
Cu 1 0.92 0.70 0.66 0.83 0.65 0.96 0.92 0.96 
Fe 1 0.64 0.78 0.95 0.59 0.93 0.89 0.91 
K 1 0.36 0.56 0.96 0.74 0.74 0.67 
Mg 1 0.83 0.30 0.69 0.68 0.66 
Mn 1 0.50 0.87 0.85 0.84 
Na 1 0.67 0.66 0.62 
P 1 0.94 0.96 
S 1 0.93 
Zn 1 
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Table C.3 The mean concentration of trace gases and VOCs present in air samples from 
four swine manure management systems representing each system class. Values reported 
represent the sample mean for a 24 hr sampling period and the standard error was less than 
3% of the mean. Sample number site"1: VOC, n = 12; NH3, CH4, and H2S, n = 24. 
Peak # and Compound Swine manure management svstem tvoe 
Retention (Analyte air concentration (pg m"3) and Percent total 
time (min.) peak area (%)) 
Type 1 f Type 2 Type 3 Type 4 
Spec Ammonia 9623 7923 9362 10843 
GC-FID Methane 5002 8406 18703 24406 
GC-FPD Hydrogen Sulfide J 54 48 27 29 
1 (4.8) Dimethyl disulfide 12(1.3) nd 17(6.8) nd 
2(6.1) 2-Butanol 8 (0.8) nd 19(7.5) nd 
3 (7.5) Dimethyl trisulfide nd nd 13 (5.2) nd 
4 (8.6) Unknown nd nd -(2.9) nd 
5(10.6) Acetic acid 281 (15.2) 262 (7.6) 11 (2.7) 2(2.3) 
6(11 .9 )  Propionic acid 126(11.1) 50 (2.3) 5(1.9) 4(8.2) 
7(12.4) Isobutyric acid 23 (2.5) 107(11.4) 6 (2.2) nd 
8(13.3) Butyric acid 142(15) 586(32) 13(5.1) 5 (12.9) 
9(14.0) Isovaleric acid 73 (8.3) 98(6) 3(1.2) nd 
10(15.0) n-Valeric acid 43 (4.9) 360 (27) 5 (2.0) 1 (0.7) 
11 (15.7) Isocaproic acid nd 10 (0.5) nd nd 
12(16.0) n-Caproic acid nd 105 (7.4) nd nd 
13(16.1) Unknown -(1.2) nd nd nd 
14(16.6) Heptanoic acid nd 8 (0.3) nd nd 
15(17.2) Benzyl alcohol nd nd 2(1.2) nd 
16(18.8) Phenol 9(1.5) 24(1.6) 8 (6.9) 3 (9.9) 
17(19.7) 4-Methyl phenol $ 85(19.6) 32 (2.7) 9(7.5) 3(17.8) 
18(20.9) 4-Ethyl phenol J 3 (0.7) 2 (0.2) 4(3.3) 1(6) 
19(21.9) 2-Amino acetophenone 
+ 
nd nd nd 0.2 (0.4) 
20 (23.4) 
Ï 
Indole nd 1.1 (0.2) 0.8 (0.6) 0.1 (0.5) 
21 (23.7) Hexadecanoic acid nd nd 9 (7.8) 5(33) 
22 (24.2) 3-Methyl indole 0.5 (0.2) 1.4(0.3) 1.3(1.1) 0.2 (0.7) 
Total concentration of non-methane 806 1647 126 25 
VOCs identified in air (pg m"3) 
Percent of total peak area (%) 82.3 99.5 65.9 92.4 
t Micrometeorologically-defined sampling parameters: Type 1 = mechanically-ventilated exhaust flow rate = 
110,000 m3 hr"1, sampling position at the fan orifice; Type 2 = 39 m diameter basin, z=ZINST(0.1 cm 
roughness length, 1950 cm radius = 70 cm sampling height); Type 3 = 92 m diameter lagoon, z=ZINST(0.1 
cm roughness length, 4600 cm radius = 189 cm sampling height); Type 4 = a primary 100 m diameter 
photosynthetic lagoon, z=ZINST(0.1 cm roughness length, 5000 cm radius = 191 cm sampling height). 
X U.S. EPA priority pollutants identified in air samples: cresols (isomers and mixtures), H2S, phenol, and 
acetophenones. nd = analyte not detected. 
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Table C.4 Mean horizontal flux rate and mean emission rate for analytes collected over a 
24 hr sampling period from swine manure management systems sampled in Table C.3 and 
described in Table C.5. Gas flux rates were measured using the Theoretical Profile Shape 
micrometeorological method. 
Parameter Swine manure management svstem tvpe 
Type 1 Type 2 Type 3 Type 4 
Mean wind velocity8 (cm s"1) or 110,000" 190" 128a 90" 
ventilation rateb (m3hr"') during 
sampling period 
Ammonia flux rate 66 f 167 109 89 
(ng NH3 cm"2 s"1) 
Ammonia emission rate 1060 1900 7700 6270 
(g NH3 system"1 hr"1) 
Methane flux rate 34 f 178 218 200 
(ng CH4 cm'2 s'1) 
Methane emission rate 550 2010 15410 14120 
(g CH4 system"1 hr"1) 
Hydrogen sulfide flux rate 0.37 f 1.10 0.32 0.24 
(ng H2S cm"2 s"1) 
Hydrogen sulfide emission rate 5.9 12.5 22.7 16.9 
(g H%S system"1 hr"1) 
Priority pollutant (PP) flux rate 1.04 f 2.30 0.56 0.30 
(ng PP cm"2 s"') J 
Priority pollutant emission rate 16.6 26.1 39.6 20.9 
(g PP system"1 hr"1) £ 
VOC flux rate 5.60 f 35.0 1.60 0.21 
(ng VOC cm"2 s"1) 
VOC emission rate 89.9 394.0 113.1 14.5 
(g VOC system"1 hr"1) 
Total air pollutant emission rate 1720 2420 15550 14150 
(g TAP system"1 hr"1) 
f System flux rate calculated using an active surface area of 4,459,000 cm2 and assumes a 
homogenous emitting source for active surfaces. 
X U.S.-EPA priority pollutants identified in air samples: cresols (isomers and mixtures), 
hydrogen sulfide, phenol, and acetophenones. 
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Table C.5 Emission rates for air pollutants collected over a 24 hr sampling period from 
swine manure management systems sampled in Tables C.3 and C.4. Values were calculated 
from flux measurements that employed the Theoretical Profile Shape micrometeorological 
method. 
Parameter Swine manure management svstem tvpe 
Type 1$ Type 2 Type 3 Type 4 
Annual production number and Feeder to Farrow to Feeder to Farrow to 
type finish finish finish feeder 
13680 8200 14170 18500 
animals 
yr"1 
animals animals animals 
yr"1 yr-' yr"1 
Site manure management system 4 - D P  2 - C L B  1 -L 2 - P L  
description f 2 - P P  PFS $ PFS $ 
Ammonia emission 101.7 141.7 232.8 369.2 
(kg NH3 site"1 day"1) 
Methane emission 52.8 122.7 466.1 831.0 
(kg CH4 site"1 day"1) 
Hydrogen sulfide emission 0.6 0.9 0.7 1.0 
(kg H2S site"1 day"1) 
Priority pollutant (PP) emission 1.6 2.1 1.2 1.2 
(kg PP site"1 day"1) 
VOC emission 8.6 23.2 3.4 0.9 
(kg VOC site"1 day"1) 
Combined air pollutant emission 165 291 704 1203 
(kg TAP site"1 day"1) 
f Manure storage system description: PL = phototrophic lagoon; PES = continuous pit 
flush system; L = lagoon; EB = earthen basin; CLB = concrete-lined basin (outdoor); 
DP = deep pit; PP = pull-plug. 
% The emission rate for analytes released from the continuous pit flush systems was 
calculated based the flux rates (Table C.4) and the total pit surface area actively flushed 
with recycled lagoon liquid. The active surface area for PES systems at site 3 and 4 was 
510 m2 and 890 m2, respectively. 
155 
Figure C.l Flux rate of CH4 from swine manure management systems differing in volatile 
solids loading rate as determined by the Theoretical Profile Shape micrometeorological 
method and using the tunable diode laser method. The (A) CH4 flux over a 30 hr period 
from a swine manure lagoon (0.12 kg volatile solids day"1 m"3) and over a 25 hr period for a 
swine manure basin (37 kg volatile solids day"1 m"3). The time period between CH4 
measurements for sites was approximately 16 hours and is indicated by the broken X-axis. 
Oneway Anova (B) (t-test) for CH4 flux data and the Tukey-Kramer HSD means 
comparison table showing the absolute difference in the means minus the least significant 
difference (Alpha level = 0.05). 
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Figure C.2 Cluster analysis for the (A) concentration of total phosphorous versus total 
sulfur in effluent from 29 swine manure management systems. The (B) Anova (compare all 
pairs) for CH4 emission rate from swine manure management systems categorized 
according to phosphorus and sulfur concentrations and the Tukey-Kramer HSD means 
comparison table (Alpha level = 0.05). The (C) correlation between the concentration of 
VOCs present in air from manure management systems versus the mean odor intensity. 
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Figure C.3 Gas chromatograms of volatile organic emissions from swine manure storage 
systems representing the four system subtypes. From top to bottom: Air sample collected in 
a deep pit (Type 1), air sample collected over a concrete-lined basin (Type 2), air sample 
collected over a lagoon (Type 3), and air sample collected over a photosynthetic lagoon 
(Type 4). Peak reference numbers correspond to organic compounds listed in Table C.3. 
I 
<L> 
<z> 
g 
ft 
(2 
Deep Pit 
Scale = IX 
A. 
17 
XI 
7 
56 
11 
10 
ILS 
Basin 
Scale = 2.9X 
B. 
10 ^13 
Lagoon 
Scale = 11.5X 
c. 
16 18 
12 17 
16| 
14 
16 
II 
5,7 8 10 
18 
17 
18 
Photosynthetic 
Lagoon 
Scale = 13X 
D. 8 
15 
JiW 
17 
16 
1,0 
21 
22 
'20 
21 
18 
U 
22 
(A. 
20 
10 20 
Time (minutes) 
158 
APPENDIX D. ADDITIONAL OLFACTOMETRY DATA 
Developing a Measurement Scale for Swine Waste Odor 
The general method for developing the scale and measuring the effects of changes in 
the chemical composition of the standard was to use Stevens' Magnitude Estimation 
technique (Stevens, 1957; Stevens, 1962; Stevens, 1961). In the magnitude estimation 
technique, subjects are presented with a standard stimulus and asked to smell it. They are 
told that the standard stimulus has an intensity value of (arbitrarily) "100". Subjects are 
then given other samples of chemicals of varying intensities to smell, and are asked to rate 
the intensity of the odor of each sample relative to the standard. For example, if the subject 
perceives the intensity of one of the samples to be half that of the standard, then the subject 
reports that the smell of the sample is a "50" (i.e., half the intensity of the standard). If the 
subject perceives that the smell is 75% more intense than the standard, then the subject 
reports that the smell is a "175". Magnitude estimation experiments such as the one 
described above have shown that the perceived magnitude of a stimulus is a power function 
of the intensity of the stimulus (Stevens, 1957; Stevens, 1962; Stevens, 1961) 
called Stevens' law. Specifically, the function is P - klb where P is the perceived magnitude 
of the stimulus (i.e., how intense the observer perceives the stimulus to be), k is a constant 
that varies with the specific sense being measured, I is the physical intensity of the stimulus 
(i.e., the concentration of the odorant in this case) and b is another constant that varies with 
the sense being measured. 
The magnitude estimation technique was used with a panel of 16 subjects. These 
same 16 subjects provided magnitude estimates for each of the ten different chemical 
mixtures used during the study. In the first stage of the experiment, subjects were presented 
with six different concentrations of the standard stimulus (100%, 83%, 67%, 33%, 17% and 
1% of full strength) and were asked to compare the physical intensity of each concentration 
to the standard at 50% concentration. In subsequent stages, subjects were presented with 
six different concentrations (at the same levels listed above) of nine different chemical 
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mixtures all of which were compared to the standard mixture at 50% concentration. In each 
of the non-standard chemical mixtures, one of the chemicals making up the standard had its 
concentration doubled. The chemicals which had their concentrations doubled were benzyl 
alcohol, isovaleric acid, isocaproic acid, caproic acid, indole, propionic acid, isobutyric 
acid, acetic acid and heptanoic acid (i.e., both were doubled), 4-ethyl phenol and 4-methyl 
phenol, and isovaleric acid and phenol. 
The order in which the first 16 subjects smelled each comparison concentration was 
balanced using a Latin Square (in order for the remaining four subjects was assigned 
randomly). In a Latin Square, treatment order is balanced such that, across subjects, each 
concentration appeared equally often at each serial position (i.e., each concentration was 
smelled first, second, third, fourth, fifth, and sixth equally often across all of the subjects in 
the study). Subjects smelled each concentration of every chemical twice during the 
experiment. Each subject would compare each of the six concentrations to the standard in 
one serial order, and then would be presented with each of the six again in a different serial 
order. Thus, effects of the order in which subjects were given each concentration were 
balanced such that they would not be expected to have an effect on the final results. 
Fifty milliliters of the standard stimulus and 50 ml of each of the comparison stimuli 
were placed in vials. Funnels were attached to the vials in which subjects inserted their 
noses to smell the chemicals. When doing a comparison, the standard stimulus was always 
placed directly next to the comparison stimulus being tested so subjects could have rapid 
access to both. When making the comparisons, airflow was kept constant across all stimuli 
and mixtures in the experiment, and temperature variation was kept to within three degrees 
Celsius. Subjects were allowed to smell the standard and the comparison stimulus as many 
times as they wished before making their estimate. The researcher recorded each subjects' 
estimate for every concentration. 
Each chemical mixture was tested on two separate days during the same week. For 
each chemical mixture, each subject gave estimates for all six comparison stimuli twice in a 
single fifteen minute session. The entire study was carried out over the course of 11 weeks. 
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Results and Discussion 
Three different analyses were conducted on the magnitude estimates that subjects 
gave. The first analysis was simply an attempt to fit Stevens' law to each of the different 
chemical mixtures, including the standard. Recall that Stevens' law is of the form P = klb 
where P is the perceived magnitude of the stimulus, I is the physical intensity of the 
stimulus, and k and b are constants that vary with the stimulus being measured. In the 
present case, P was the average magnitude estimate given by the subjects, and I was the 
physical intensity of the comparison stimulus (in this case, the concentration percentage 
[100, 83, 67, 33 17, or 1] of the mixture being measured). 
The table below shows the best fitting equation for each of the chemical mixtures as 
well as the proportion of variance accounted for (r2) for each of the equations. The 
proportion of variance accounted for indicates how good the fit of the model is to the data. 
If the model predicts the data perfectly, then r2 will be 1, and if it has no relationship to the 
data, then r2 will be 0. 
Table D.l Fitting equation for the perceived odor intensity of synthetic swine odor solutions 
(standard) and for odorant solutions containing a two-fold concentration of individual 
odorants. 
Odorant Equation Measured 
variance (r2) 
Standard P = 24.05 I 0.367 0.972 
Standard + benzyl alcohol P = 25.141 0.370 0.914 
Standard + isovaleric acid P = 36.18 I 0.294 0.977 
Standard + isocaproic acid P = 20.101 0.435 0.855 
Standard + caproic acid P = 15.14 I 0.483 0.982 
Standard + indole P= 18.221 0.341 0.901 
Standard + propionic acid P = 22.01 I 0.368 0.919 
Standard + isobutyric acid P = 28.01 I 0.281 0.570 
Standard + acetic acid + heptanoic acid P= 14.101 0.467 0.915 
Standard + 4-ethyl phenol + 4-methyl phenol P= 13.641 0.473 0.952 
Standard + isovaleric acid + phenol P= 19.071 0.416 0.827 
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Several points should be noted about the above table. First, the value of b (the 
power to which I is raised) provides a measure of the slope of the best fitting curve. Higher 
values of b indicate greater slope meaning, in this context, that mixtures with a high b value 
(e.g., standard + caproic acid with b = 0.483) were more affected by concentration changes 
than mixtures with a low b value (say standard + isovaleric acid with a b = 0.281). Also of 
interest is the fact that the values of b range from 0.281 to 0.483 with a mean value of 0.390. 
Different senses can vary widely in their b values. For example, forjudging the brightness 
of a light, the value of b is approximately 0.3 while forjudging the strength of electric 
shock, the value of b is approximately 3.5 (schiffman, 1982). Previous research on smell 
has found b values forjudging the odor intensity of coffee and of heptane to be around 0.5 
(Stevens, 1970; Stevens, 1975; Stevens, 1961). Thus, the b values found in the current set 
of experiments are very close to those that others have obtained for smell in previous 
research. 
Also of interest are the extremely high values of r2 that were obtained for most of the 
mixtures used in the study. The mean r2 overall the mixtures was 0.889 meaning that 88.9% 
of the variability in the data can be accounted for by Stevens' Law with only 11.1% due to 
error. The only exception to the general good fit of Stevens' Law to the data was for the 
standard + isobutyric acid mixture where the proportion of variance accounted for only 
0.570. examination of the data for that mixture revealed a strange pattern in which intensity 
ratings for the 1%, 17.5%, 34% and 67% concentrations were very close to one another, and 
then there was a large jump in intensity ratings for the 83.5% and 100% concentrations. 
Thus, isobutyric acid maybe a somewhat unique compound that cuts the smell of the 
mixture at low levels of concentration and then increases the intensity at higher 
concentrations. 
The next analysis performed on the magnitude estimation data was a Within 
Subjects Factorial Analysis of Variance (ANOVA) which was used to determine the effects 
of concentration and mixture on the subject's mean estimates of the perceived magnitude of 
the smell. The independent variable in the analysis was mixture (standard vs. standard + 
benzyl alcohol vs. standard + isovaleric acid vs. standard + isocaproic acid vs. standard + 
indole vs. standard + propionic acid vs. standard + isobutyric acid vs. standard + acetic acid 
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+ heptanoic acid vs. standard + 4-ethyl phenol + 4-methyl phenol vs. standard + isovaleric 
acid + phenol). The analysis yielded a reliable effect of mixture, F(10,165) = 3.64,/? < 
0.0003. 
Subsequent analysis of the mixture main effect showed that several of the chemical 
mixtures produced reliably greater mean odor intensity ratings than others. The mean 
ratings for each of the chemical mixtures (pooling over concentration) are shown below 
(also shown are the standard errors for each of the means): 
Table D.2 Mean perceived odor intensity scores for synthetic swine odor solutions and the 
effect of individual odorants on the intensity score. 
Odorant Mean rating Standard error 
Standard 88.98 4.55 
Standard + benzyl alcohol 94.97 7.93 
Standard + isovaleric acid 103.42 5.25 
Standard + isocaproic acid 86.28 5.81 
Standard + caproic acid 91.55 6.30 
Standard + indole 63.81 4.52 
Standard + propionic acid 84.91 3.03 
Standard + isobutyric acid 90.78 4.56 
Standard + acetic acid + heptanoic acid 81.72 3.73 
Standard + 4-ethyl phenol + 4-methyl phenol 79.85 5.09 
Standard + isovaleric acid + phenol 88.90 4.77 
Subsequent analysis of the mixture data was done using Fisher's LSD statistic. The 
value of Fisher's LSD for the mixture data was 14.62 meaning that any of the mean mixture 
ratings differing by more than 14.62 are reliably different (i.e., their difference is not simply 
due to random variation). Analysis of the above data shows that the standard + indole 
mixture produced reliably lower intensity ratings than all the other mixtures used in the 
study. Also, the standard + 4-ethyl phenol + 4-methyl phenol mixture produced reliably 
lower mean intensity ratings than standard + isovaleric acid and standard + benzyl alcohol. 
Finally, standard + isovaleric acid produced reliably higher rating than standard + acetic 
acid + heptanoic acid, standard + isocaproic acid, and standard + propionic acid. No other 
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comparison was reliable. The take home massage is that increasing indole concentrations 
tend to cut the smell intensity as did the 4-ethyl phenol + 4-methyl phenol combination 
while isovaleric acid tend to increase the smell intensity of mixture. 
A second Within Subjects One-Way ANOVA compared the mean intensity ratings 
for each concentration to one another. The independent variable in this analysis was the 
mixture concentration percentages (1% vs. 17.5% vs. 34% vs. 67% vs. 83.5% vs. 100%). 
Table D.3 Mean perceived odor intensity scores for synthetic swine odor solutions differing 
in stimulus concentration. 
Stimulus concentration (%) Mean score Standard error 
1 23.09 2.38 
17 56.06 5.05 
34 82.52 6.21 
67 103.52 5.07 
83 129.08 6.42 
100 132.05 5.05 
Subsequent analysis of the Concentration data was done using Fisher's LSD statistic. 
The value of Fisher's LSD for the Concentration data was 15.64. As such, the 1% 
concentration produced reliably lower mean intensity ratings than the other five 
concentrations. The 17% concentration produced reliably lower mean intensity ratings than 
did the 34%, 67%, 83%, and 100% mixtures. The 34% concentration produced reliably 
lower mean intensity ratings than did the 67%, 83%, and 100% concentrations. The 67% 
concentration produced reliably lower mean ratings than did the 83% and 100% 
concentrations, and the 83% concentration produced lower mean ratings than did the 100% 
rating. Thus, the subjects in the experiment clearly were sensitive to the changes in 
concentration across most of the levels used in the experiment. At very high concentrations 
(i.e., 83% and 100%), the differences in intensity were not different enough to be detected. 
A multiple regression analysis was performed on the result of the experiments. The 
purpose of the multiple regression analysis was to attempt a prediction of the subject's 
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intensity ratings based on the concentrations of the various chemicals present in the mixture. 
The concentrations of each of the chemicals whose concentrations were altered 
independently of the standard (i.e., propionic acid, isobutyric acid, isovaleric acid, 
isocaproic acid, caproic acid, and indole) were included as the independent (predictor) 
variables in the equation. Also included as predictor variables were heptanoic acid and 4-
methyl phenol which were altered in two of the mixtures in which two chemicals were 
doubled (acetic acid, 4-ethyl phenol, and phenol could not be included because their 
concentrations correlated perfectly with one of the other chemicals in the mixture). 
The overall analysis showed a correlation between the intensity value as predicted 
by the multiple regression equation and the actual intensity value given by the subjects of 
0.908. This means that 82.4% of the variance in subject's intensity ratings can be predicted 
by the multiple regression equation, which is highly statistically significant (F(8,57) = 
33.36,p< 0.0001). Below is a table showing the regression co-efficients for each of the 
nine chemicals that were included in the model. The regression co-efficients are expressed 
both for measuring the concentrations in milliMoles (mM) and also parts per million (ppm). 
Also shown are t-tests and p-values for each of the co-efficients. 
Table D.4 Correlation between intensity value and chemical composition for synthetic 
swine odor Z2 and the effect of individual odorants on mean perceived odor intensity. 
Odorant Coefficient (ppm) t P 
Intercept 34.37 
Propionic acid 0.03 0.89 0.38 
Isobutyric acid 0.24 1.32 0.19 
Isovaleric acid 0.69 2.35 0.02 
Isocaproic acid 1.52 2.31 0.02 
Caproic acid 0.78 2.30 0.03 
Indole -1.49 -2.26 0.03 
Heptanoic acid 0.33 1.07 0.29 
4-methyl phenol 0.23 0.63 0.53 
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The key point to note about the above table is that four of the chemical mixtures 
showed a statistically significant effect (i.e., p < 0.05) on subjects' intensity ratings. 
Relative increases in the amount of isovaleric acid, isocaproic acid, and caproic acid tended 
to increase subjects' ratings of the odor intensity of the mixture. In contrast, relative 
increases in the amount of indole tended to decrease subjects' ratings of the odor intensity of 
the mixture. No other chemicals appeared to have a statistically significant effect on 
subjects' intensity ratings. 
The above multiple regression analysis has applicability to field studies. Using the 
co-efficients in the above equations, it would be possible to do a chemical assay on a 
particular site and then simply plug the concentrations from the field into the equation 
above. Doing so should yield a precise value measuring the intensity of the odor at a 
particular site. 
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